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TECHNIQUES FOR POWERING A RETINAL
PROSTHESIS

CROSS-REFERENCES TO RELAT
APPLICATIONS

T
w

The present application 1s a continuation of U.S. Ser. No.
13/437,310 (US 2012/0259410 which 1ssued as U.S. Pat. No.
8,706,243) to Geten et al., which 1s a continuation-in-part of:

(a) U.S. Ser. No. 13/103,264 (US 2012/0035726 which
1ssued as U.S. Pat. No. 8,442,641) to Gross et al.,

(b) U.S. Ser. No. 12/852,218 (US 2012/0035725 which
issued as U.S. Pat. No. 8,428,740) to Geten et al.,

(c) U.S. Ser. No. 12/687,509 (US 2011/0172736 which
1ssued as U.S. Pat. No. 8,718,784) to Geten et al.,

(d) U.S. Ser. No. 13/148,461 (US 2012/0041514) to Gross
et al., which 1s the US national stage of PCT/1L2010/000097
(WO 2010/089739), and

(e) U.S. Ser. No. 12/368,150 (US 2010/0204754 which
1ssued as U.S. Pat. No. 8,150,526) to Gross et al.

All of the above-referenced applications are incorporated
herein by reference.

FIELD OF EMBODIMENTS OF TH.
INVENTION

(Ll

Some applications of the invention relate generally to
implantable medical devices and more specifically to a retinal
prosthesis.

BACKGROUND

Retinal maltunction, due to degenerative retinal diseases,
1s a leading cause of blindness and visual 1mpairment.
Implantation of a retinal prosthesis 1s a technology for restor-
ing some useful vision in individuals sullering from retinal-
related blindness.

The retina 1s a multi-layered light-sensitive structure that
lines the posterior, inner part of the eye. The retina contains
photoreceptor cells, for example rods and cones, which cap-
ture light and convert light signals 1nto neural signals trans-
mitted through the optic nerve to the brain. Rods are respon-
sible for light sensitive, low resolution black and white vision,
whereas cones are responsible for high resolution color
vision. Most cones lie 1in the fovea, which defines the center of
the retina. A bipolar cell layer exists between the photorecep-
tors and ganglion cells of the retina. The bipolar cell layer
transmits signals from the photoreceptors to the ganglion
cells whose axons form the optic nerve and transmit visual
information to the brain.

SUMMARY OF APPLICATIONS OF TH.
INVENTION

(Ll

In some applications of the present invention, a system 1s
provided for restoring at least partial vision 1n a subject sui-
fering from a retinal disease. The system comprises an appa-
ratus comprising an external device, comprising a mount that
1s placed 1n front of the subject’s eye. The mount may be, for
example, a pair of eyeglasses. The external device further
comprises a power source, for example a laser that 1s coupled
to the mount and 1s configured to emit radiated energy that 1s
outside the visible range directed toward the subject’s eye.

The apparatus additionally comprises an 1intraocular
device, which 1s implanted entirely in the subject’s eye. The
intraocular device comprises an intraocular retinal prosthesis,
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2

configured to be implanted in the subject’s eye 1n either an
epi-retinal or a sub-retinal position.

The intraocular device typically comprises a support sub-
strate and an array of electrodes protruding from the support
substrate. (In this context, in the specification and in the
claims, “array” 1s meant to include rectangular as well as
non-rectangular arrays (such as circular arrays). The protrud-
ing electrodes are shaped to define electrically-exposed tips
which penetrate retinal tissue of the subject, bringing the
clectrodes in contact with the tissue. For some applications, a
surface of the electrodes 1s treated to increase roughness and
surface area of the electrodes, thus reducing electrode impen-
dence and facilitating retinal stimulation and/or axon regen-
eration. Additionally or alternatively, the exposed tips of the
clectrodes have perforations passing therethrough, further
increasing the surface area of the electrodes and allowing
neuronal processes, to pass through and intertwine with the
clectrodes.

For some applications, the support substrate from which
the electrodes protrude comprises additional elements of a
retinal prosthesis, €.g., an energy receiving layer, a photosen-
sor layer and driving circuitry that 1s powered by the energy
receiving layer. The driving circuitry typically drives electri-
cal charge into the retinal tissue from the tips of the elec-
trodes, 1n response to sensing by the photosensor layer, in
order to stimulate the retinal tissue.

For some applications, the photosensor layer 1s divided
into units, each unit corresponding to a stimulating electrode
in the array of electrodes.

The inventors have 1dentified that, for some applications,
sufficient stimulation of retinal tissue 1s a characteristic for
consideration 1n enabling proper function of a retinal pros-
thesis. In particular, facilitating stimulation of the bipolar cell
layer of the retina, which in turn stimulates ganglion cells, 1s
a characteristic for consideration in retinal prosthesis pro-
vided by some applications of the present invention. The
ganglion cells, whose axons form the optic nerve, further
transmit the visual information to the brain resulting in the
formation of an 1mage. Penetrating perforated electrodes, 1n
contrast to surface electrodes known 1n the art which sitonthe
surface of tissue, are configured to extend from either an
epi-retinal or a sub-retinal implantation site and penetrate
retinal tissue to directly contact and drive electrical charge
into the bipolar cell layer from typically less than 10 um from
the nearest bipolar cell. Rough electrode surfaces and perfo-
rations passing through the electrodes allow neuronal pro-
cesses to grow therethrough, further improving cell-electrode
coupling and increasing stimulation. Increased and direct
contact of the retinal tissue by penetrating perforated elec-
trodes enhances stimulation of the retina resulting in
enhanced 1mage resolution.

There 1s therefore provided 1n accordance with some appli-
cations of the present invention, apparatus for use with an
external non-visible light source, the apparatus including:

an intraocular device configured for implantation 1n a
human eye, and including an energy receiver configured to:

recerve light emitted from the external non-visible light

source, and

extract energy from the emitted light for powering the

intraocular device,

the intraocular device 1s configured to regulate a parameter
of operation of the intraocular device based on a modulation
of the light emitted by the external non-visible light source
and received by the energy recerver.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
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device based on amplitude modulation of the light emitted by
the external non-visible light source and received by the
energy receiver.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on the amplitude modulation of the light, the
modulation of the light varying between a minimum signal
level and a maximum signal level, the minimum signal level
being at least 20% of the maximum si1gnal level.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on the amplitude modulation of the light, the
mimmum signal level being at least 50% of the maximum
signal level.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on the amplitude modulation of the light, the
modulation of the light being based on a carrier frequency of
the modulated light being between 10 kHz and 100 kHz.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on the amplitude modulation of the light, the
light being recerved by the intraocular device 1n pulses having
a pulse width of 1-10 usec.

For some applications, the external non-visible light source
includes a sensor configured to sense a level of ambient light,
the external non-visible light source modulating the light
emitted by the external non-visible light source based on the
level of ambient light, and the energy recerver 1s configured to
receive ambient light and the light emitted from the external
non-visible light source and to regulate the parameter of
operation of the intraocular device based on amplitude modu-
lation of the light.

For some applications, the energy receiver 1s configured to
receive ambient light and the light emitted from the external
non-visible light source, and the apparatus fturther includes a
filter associated with the energy recerver, and configured to
reduce a level of the ambient light from reaching the energy
receiver.

For some applications, the energy recerver 1s configured to
receive ambient light and the light emaitted from the external
non-visible light source, the modulation of the light varying
between a minimum signal level and a maximum signal level,
the mimimum signal level being at least 20% of a summed
strength of the received light emitted from the external non-
visible light source and the recerved ambient light.

For some applications, the energy receiver 1s configured to
receive the light emitted from the external non-visible light
source and the ambient light, the minimum signal level being
at least 50% of the summed strength of the received light
emitted from the external non-visible light source and the
received ambient light.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on frequency modulation of the light emitted by
the external non-visible light source and received by the
energy receiver.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on the frequency modulation of the light, the
modulation of the light being based on a carrier wave having,
a frequency between 10 kHz and 100 kHz.

For some applications, the intraocular device 1s configured
to regulate the parameter of operation of the intraocular
device based on the frequency modulation of the light, the
light being recerved by the intraocular device 1n pulses having
a pulse width of 1-10 usec.
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For some applications, the non-visible light source 1s con-
figured to emit light that 1s outside of 380-750 nm and the
intraocular device 1s configured to receive the light that 1s
outside of 380-750 nm.

For some applications, the parameter of operation includes
an 1ntensity of the electrical current applied to the retina, and
the apparatus 1s configured to regulate the intensity of the
clectrical current applied to the retina, based on the modu-
lated light.

For some applications, the apparatus includes driving cir-
cuitry, and the energy receiver 1s configured to extract energy
from the emitted light, for powering the intraocular device,
and, the apparatus 1s configured, while extracting the energy,
to receive ambient light and, responsively, transmit a signal to
the driving circuitry.

For some applications, the energy recerver 1s configured to
receive the ambient light and to transmit the signal to the
driving circuitry.

For some applications, the apparatus includes driving cir-
cuitry, and the energy receiver 1s configured to extract energy
from the emitted light, for powering the itraocular device,
and, the apparatus 1s configured, during periods which alter-
nate with the extracting of the energy, to recerve ambient light
and, responsively, transmit a signal to the driving circuitry.

For some applications, the energy recerver 1s configured to
receive the ambient light and to transmit the signal to the
driving circuitry.

For some applications, the intraocular device 1s configured
to demodulate the modulated energy and, in response, regu-
late the operation parameter of the intraocular device.

There 1s further provided, 1n accordance with some appli-
cations of the present invention, an external device for asso-
ciation with an intraocular implant, the device including:

a power source mncluding a modulator, the power source
configured to emit non-visible light to the implant for trans-
mitting power to the implant when the implant 1s located in
the eye, the emitted light being modulated with a coded sig-
nal, such that, when the light 1s transmaitted to the implant, the
implant recerves power and 1s controlled by the coded signal.

For some applications, the power source 1s configured to
modulate the light with the coded signal using amplitude
modulation of the light emitted by the power source.

For some applications, the power source 1s configured to
modulate the light to vary between a mimimum signal level
and a maximum signal level, and the minimum signal level 1s
at least 20% of the maximum signal level.

For some applications, power source 1s configured to set
the minimum signal level to be at least 50% of the maximum
signal level.

For some applications, the power source 1s configured to
set a carrier frequency of the modulated light to be between 10
kHz and 100 kHz.

For some applications, the power source 1s configured to
set a pulse width of pulses of the light to be 1-10 usec.

For some applications, the modulator 1s configured to
modulate the light emitted from the power source between a
minimum signal level and a maximum signal level, the mini-
mum signal level being at least 20% of a summed strength of
the light emitted from the power source and ambient light.

For some applications, the modulator 1s configured to
modulate the light emitted from the power source to be at least
50% of the summed strength of the light emitted from power
source and the ambient light.

For some applications the external device includes a sensor
configured to sense a level of the ambient light, the modulator
1s configured to modulate the light emitted by the power
source based on the level of ambient light.
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For some applications, the power source 1s configured to
set a wavelength of the emaitted light to be outside of 380-730
nm.

For some applications, the power source 1s configured to
emit the light and to not include 1mage information 1n the
emitted light.

For some applications, the modulator 1s configured to con-
trol apulse frequency of electrical current applied to the retina
by the implant, by modulating the emitted light with the
coded signal.

For some applications the external device includes a mount
that 1s coupled to the power source and 1s configured to be
placed 1n front of an eye of a subject.

For some applications, the mount includes a pair of eye-
glasses.

For some applications the external device includes a par-
tially-transparent mirror coupled to the mount and configured
to direct the non-visible light to the implant.

For some applications, the partially-transparent mirror 1s
configured to allow ambient light to pass through to the
implant.

There 1s still further provided, 1n accordance with some
applications of the present invention, an intraocular device
configured to be implanted entirely in a subject’s eye, the
intraocular device including:

a plurality of photosensors configured to receive an ambi-
ent 1mage through a lens of the eye; and

an energy receiver configured to receive non-visible light
through the lens of the eye and to extract power from the light
for powering the photosensors,

the energy recerver 1s adapted to recerve the light while the
plurality of photosensors receive the ambient 1image.

For some applications, the energy recerver 1s additionally
configured to receive visible light.

There 1s additionally provided, in accordance with some
applications of the present invention, an intraocular implant,
including;

a photosensor array adapted for implantation 1n a human
eye;

an energy recerver adapted for implantation 1n the human
eye and further adapted to recerve a power signal 1n the form
ol a non-visible light beam; and

a filter associated with the photosensor array, configured to
substantially prevent the power signal {from reaching the pho-
tosensor array.

For some applications, the energy recerver 1s additionally
configured to receive visible light.

For some applications, the photosensor array 1s configured
to receive visible light, and the intraocular device further
includes a filter associated with the energy receiver, config-
ured to reduce a level of ambient light that reaches the energy
receiver.

There 1s yet additionally provided, in accordance with
some applications of the present invention, apparatus includ-
ng:

an intraocular device, including at least one receiver con-
figured for implantation 1 a human eye, the at least one
receiver having an image reception portion and an energy
reception portion configured to recerve a power signal from a

non-visible light beam; and
at least one control unit configured to prevent reception of

at least a portion of the power signal by the 1image reception

portion.
For some applications, the control unit 1s configured for

implantation 1n the eye.
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For some applications the apparatus includes a mount that
1s configured to be placed 1n front of the eye of the subject, and
the control unit 1s coupled to the mount.

For some applications, the control unit 1s configured to
prevent energy reception by the image reception portion, by
sending a control signal to terminate the power signal.

For some applications the apparatus includes a filter, the
control unit 1s configured to prevent energy reception by
sending a control signal to activate the filter.

For some applications, the control unit 1s configured to
prevent energy reception, by sending a control signal to deac-
tivate the 1mage reception portion.

For some applications, the energy reception portion 1s
additionally configured to receive visible light.

There 1s still additionally provided, in accordance with
some applications of the present invention, an intraocular
device configured for epi-retinal implantation 1n a subject’s
eye, and configured for use with a plurality of photosensors,
cach photosensor configured to detect ambient photons and to
generate a signal 1n response thereto, the intraocular device
including:

a plurality of stimulating electrodes configured to penetrate
a retinal layer of the subject’s eye; and

driving circuitry, coupled to the photosensors, and config-
ured to drive the electrodes to apply electrical pulses to a
retina of the eye 1n response to the signal from the photosen-
SOrS,

the driving circuitry 1s configured to vary a frequency of the
pulses based on mtensity of the ambient photons received by
the photosensors.

For some applications, the intraocular device includes the
plurality of photosensors.

For some applications, the driving circuitry 1s further con-
figured to vary a parameter of the electrical pulses selected
from the group consisting of: a number of the pulses, duration
of each pulse, and a pulse repetition interval of the pulses.

For some applications, the driving circuitry 1s configured to
reduce sub-harmonics by jittering the pulse frequency.

There 1s also provided, 1n accordance with some applica-
tions of the ivention, an apparatus including;:
an external device including:

a mount, configured to be placed in front of an eye of a

subject;

a laser coupled to the mount and configured to emit radia-

tion that 1s outside of 380-750 nm; and

a partially-transparent mirror coupled to the mount; and
an intraocular device configured to be implanted entirely 1n
the subject’s eye, the intraocular device including:

an energy recerver, configured to recerve the radiation from

the laser and to

generate a voltage drop 1n response thereto;

a plurality of stimulating electrodes;

a plurality of photosensors, each photosensor configured to

detect photons and

to generate a signal in response thereto; and

driving circuitry, coupled to the energy receiver and to the

photosensors, and configured to recerve the signals from

the photosensors and to utilize the voltage drop to drive
the electrodes to apply currents to a retina of the eye 1n
response to the signals from the photosensors.
In some applications, the laser 1s configured to emuit the
light at 790-850 nm.
In some applications, the laser 1s configured to emuit the
light at 250-380 nm.
In some applications, the energy receiver 1s configured to
receive light at 790-850 nm and to generate the voltage drop
in response thereto.
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In some applications, the energy receiver 1s configured to
receive light at 250-380 nm and to generate the voltage drop
in response thereto.

In some applications, the photosensors are generally insen-
sitive to the energy from the laser.

In some applications, photosensors are generally sensitive
to visible light.

In some applications, the energy recerver 1s configured to
receive visible and non visible light, and to generate the
voltage drop 1n response thereto.

In some applications, the intraocular device includes a
filter configured to allow transmission to the photosensors of
visible light only.

In some applications, the intraocular device includes a
plurality of microlenses coupled to the energy receiver, facili-
tating refraction of visible light toward the photosensors.

In some applications, the intraocular device includes
extending elements configured to provide anchoring of the
intraocular device to the eye of the subject.

In some applications, the intraocular device includes
extending elements to facilitate dissipation of heat away from
at least the energy receiver.

In some applications, the electrodes include bipolar nano-
tube electrodes.

In some applications, the electrodes include monopolar
nanotube electrodes.

In some applications, the electrodes include needle elec-
trodes having exposed tips.

In some applications, the plurality of stimulating elec-
trodes 1includes at least 100 electrodes.

In some applications, the intraocular device 1s configured
to be implanted in an epi-retinal position.

In some applications, the intraocular device 1s configured
to be implanted in a sub-retinal position.

In some applications, the apparatus includes a control ele-
ment configured to recerve an input from the subject, the
external device 1s configured to modulate the energy emitted
from the laser in response to the iput, and the driving cir-
cuitry 1s configured to regulate a parameter of operation of the
driving circuitry in response to the modulation of the energy
emitted from the laser.

In some applications, the driving circuitry 1s configured to
control an amount of stimulation per unit time applied by the
clectrodes, by the regulating of the parameter by the driving
circuitry.

In some applications, the driving circuitry 1s configured to
control an amplitude of the currents applied by the electrodes,
by the regulating of the parameter by the driving circuitry.

In some applications, the driving circuitry 1s configured to
control a sensitivity of the photosensors, by the regulating of
the parameter by the driving circuitry.

In some applications, the external device includes a sensor
coupled to the mount, configured to detect when an eyelid of
the subject 1s closed, and the laser 1s configured to discontinue
emission of the radiation when the eyelid 1s closed.

In some applications, the mount includes a filter configured
to prevent transmission to the photosensors of ambient non-
visible light.

In some applications, the filter includes a Schott filter.

In some applications, the driving circuitry 1s disposed 1n a
single area of the intraocular device, and 1s configured to drive
all of the electrodes.

In some applications, the apparatus includes a plurality of
driving circuitries, each driving circuitry configured to drive
a respective subset of electrodes.

In some applications, the plurality of driving circuitries
includes 10-300 driving circuitries.
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In some applications, the plurality of driving circuitries
includes 300-3000 driving circuitries.

There 1s further provided 1n accordance with some appli-
cations of the invention apparatus, imncluding;:

an external device, including:

a mount, configured to be placed 1n front of an eye of a
subject; and

a laser coupled to the mount and configured to emit
radiation that 1s outside of 380-750 nm; and

an intraocular device configured to be implanted entirely
in the subject’s eye, the intraocular device including;:

an energy receiver, configured to receive the radiation
from the laser and to generate a voltage drop 1n
response thereto;

a plurality of stimulating electrodes;

a plurality of photosensors, each photosensor configured
to detect photons and to generate a signal 1n response
thereto; and

driving circuitry, coupled to the energy receiver and to
the photosensors, and configured to receive the sig-
nals from the photosensors and to utilize the voltage
drop to drive the electrodes to apply currents to a
retina of the eye in response to the signals from the
photosensors,

and the external device 1s configured to modulate the radia-

tion emitted from the laser, and the driving circuitry 1s

configured to regulate a stimulation parameter of opera-
tion of the driving circuitry in response to the modula-
tion of the radiation emitted from the laser.

In some applications, the driving circuitry 1s configured to
drive the electrodes to apply the currents in pulses of current,
and the stimulation parameter 1s selected from the group
consisting of: a number of the pulses, a frequency of the
pulses, a duration of each pulse, and a pulse repetition interval
of the pulses.

There 1s additionally provided in accordance with some
applications of the invention, a method for supplying power
to a retinal implant, including;:

emitting radiation from a laser, in a direction that 1s not
toward the implant; and

recerving the radiation from the laser, by the implant.

In some applications, emitting the radiation comprises
causing the radiation to be redirected toward the implant by a
partially-transparent mirror.

There 1s yet further provided in accordance with some
applications of the invention, a method for modulating stimu-
lation parameters of an implant configured for implantation in
a subject, the method including;:

emitting laser radiation, from a laser to the implant;

receving an input from the subject, and 1n response to
receiving the mput from the subject, modulating the radiation
emitted from the laser; and

regulating a stimulation parameter of driving circuitry of
the implant 1n response to the modulation of the radiation
emitted from the laser.

In some applications, regulating the stimulation parameter
includes:
driving currents into electrodes of the implant 1n pulses;
and

in response to the modulation of the radiation, regulating at
least one parameter selected from the group consisting of: a
number of the pulses, a frequency of the pulses, a duration of
cach pulse, and a pulse repetition interval of the pulses.

The present invention will be more fully understood from
the following detailed description of embodiments thereof,
taken together with the drawings, 1n which:
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BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 shows a system for restoring at least partial vision in
a subject 1n accordance with some applications of the present
invention;

FIGS. 2A-B are schematic 1llustrations of an array of pen-
etrating electrodes, 1n accordance with some applications of
the present invention;

FIG. 3 1s a schematic cross-sectional illustration of a
pointed tip an of electrode, 1n accordance with some applica-
tions of the present invention;

FIGS. 4A-B are schematic illustrations of an intraocular
device for retinal stimulation, 1n accordance with some appli-
cations of the present invention;

FIG. 3 1s a schematic 1llustration of an 1ntraocular device
for retinal stimulation, in accordance with some applications
of the present invention;

FIG. 6 1s a schematic 1llustration of an array of penetrating,
clectrodes, 1 accordance with some applications of the
present invention;

FIG. 7 1s a schematic 1llustration of an intraocular device
penetrating retinal tissue, 1n accordance with some applica-
tions of the present invention;

FIG. 8 1s a block diagram of the transmission of energy,
information, and instructions, in the system for restoring
vision, 1n accordance with some applications of the present
invention;

FIGS. 9A-C are schematic illustrations of the system for
restoring vision, in accordance with some applications of the
present invention;

FIG. 10 1s a block diagram of transmission of energy,
information, and instructions, i the system for restoring
vision, 1n accordance with some applications of the present
invention;

FIGS. 11A-B are block diagrams of transmission of
energy, information, and instructions, 1n the system for restor-
ing vision, i accordance with some applications of the
present invention;

FIG. 12 1s a schematic 1llustration of apparatus for restor-
ing at least partial vision in a subject, 1n accordance with some
applications of the present invention;

FIG. 13 1s a schematic 1llustration of an intraocular device,
in accordance with some applications of the present mven-
tion;

FI1G. 14 15 a block diagram of the transmission of energy in
the apparatus for restoring vision, 1n accordance with some
applications of the present invention;

FIG. 15 1s a schematic 1llustration of the intraocular device,
in accordance with some applications of the present mven-
tion;

FIG. 16 1s a schematic illustration of an energy receiver-
photosensor unit, in accordance with some applications of the
present invention; and

FIGS. 17A and 17B are schematic illustration of layered
structures of the intraocular device, 1n accordance with
respective applications of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

FI1G. 1 shows a system 20 for restoring at least partial vision
in a subject, a portion of which 1s implanted 1n an eye of the
subject, 1n accordance with some applications of the present
invention.

Vision 1s 1mtiated when light reflecting from objects 1s
focused by lens 2 of eye 4 onto the retina 6. FIG. 1 shows a
cross section of a portion of a human retina. The retina 1s
approximately 0.2-0.5 mm thick and lines the back of the eye.
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As shown, the retina consists of three layers of neurons:
photoreceptor cells 10, ganglion cells 12 and many interneu-
rons 15 packed into the central part of the section of the retina
intervening between the photoreceptors and the ganglion
cells. The ganglion cells, which transmit visual information
to the brain, lie nnermost (as used herein) in the retina, 1.¢., on
the side of the retina closest to the lens and front of the eye.
The photoreceptor cells (e.g., rods and cones), which capture
light and convert light signals into neural signals, lie outer-
most 1n the retina. The central part of the section of retina
located between the photoreceptors and the ganglion cells
includes the mner nuclear layer (INL), which 1s made up of
bipolar cells 14 and other cells. Interneurons 135, e.g., hori-
zontal cells and amacrine cells, facilitate regulation of the
neural signal from the photoreceptors and the bipolar cells.

Bipolar cells 14 typically transmit signals from photore-
ceptors 10 to ganglion cells 12. The rod and cone photore-
ceptors transier a signal to the bipolar cells that lay adjacent to
the photoreceptor layer. The bipolar cells then transmit the
signal to the ganglion cells whose axons form the optic nerve.
The bipolar cell 14 are generally located 1n a region of the
retina that 1s approximately 130 um-200 um from the inner
limiting membrane (ILM), which 1s the boundary between the
vitreous humor 1n the posterior chamber and the retina 1itself.

As shown 1n FIG. 1, for some applications, an intraocular
device 60 1s implanted in an epi-retinal position, typically
coupled to the ILM. As described in Zrenner, 2002, which 1s
incorporated herein by reference, epi-retinal arrays are typi-
cally implanted onto the retinal surface that separates the
retinal neural layer from the vitreous body of the eye’s pos-
terior chamber, such that the implant 1s typically located
outside of the vitreous body, contacting the ILM. As appro-
priate, techniques described in one or more of these refer-
ences may be adapted for use 1n 1implanting device 60.

For some applications, device 60 1s implanted 1n a sub-
retinal position (not shown). As described in Zrenner, 2002,
which 1s incorporated herein by reference, sub-retinal arrays
are typically implanted between the pigment epithelial layer
30 and the layer of the retina which contains photoreceptor
cells 10.

As provided by some applications of the present invention,
device 60 comprises a support substrate 62 and a plurality of
clectrodes 64 protruding from the support substrate. Support
substrate 62 comprises components of an intraocular retinal
prosthesis. For example, support substrate 62 may comprise
an energy recewving layer, a photosensor layer and driving
circuitry. The driving circuitry 1s powered by the energy
receiving layer, which typically recerves energy from an
external device 600 comprising an external power source 24
(e.g., a laser coupled to the frame of a pair of eyeglasses 25,
and/or a radiofrequency (RF) power source, and/or another
clectromagnetic power source). For some applications a par-
tially-transparent (e.g., half-silvered) mirror 23 1s coupled to

eyeglasses 25, providing ophthalmoscope functionality to the
external device.

It 1s to be noted that for some applications, techniques and
apparatus described herein with reference to the external and
intraocular devices may be performed with techmques and
apparatus described in the following references, which are
incorporated herein by reference: (a) U.S. patent application
Ser. No. 12/368,150 to Gross, entitled, “Retinal Prosthesis,”
filed Feb. 9, 2009, published as US 2010/02047754, and 1ssued
as U.S. Pat. No. 8,150,526, (b) U.S. patent application Ser.
No. 12/687,509 to Geten, entitled “Penetrating electrodes for
retinal stimulation, filed Jan. 14, 2010, published as US 2011/
0172736, and 1ssued as U.S. Pat. No. 8,718,784, and/or (c)




US 9,198,753 B2

11

PCT/IL2010/000097 to Gross entitled “Retinal Prosthesis,”
filed Feb. 3, 2010, and published as WO 2010/089739.

The driving circuitry drives electrodes 64 to apply electri-
cal charges to the retina, 1n response to sensing by the photo-
sensor layer, in order to stimulate the retina 6. Accordingly,
system 20 for restoring vision in a subject does not comprise
an extraocular camera, and intraocular device 60 does not
receive image data from outside the eye, but rather utilizes the
intact optics and processing mechanisms of the eye 4.

Intraocular device 60 typically comprises approximately
500-6000, e.g., 1000-4000, typically 1600 electrodes 64. For
some applications, the electrodes protrude perpendicularly at
least 50 um from the support substrate.

Each electrode 1s typically 100-1000 um 1n length e.g.,
300-600 um, for example, 400 um, 1n order to reach the outer
plexiform layer (OPL), where connections between the bipo-
lar cells and the adjacent photoreceptor cells occur. For some
applications, each electrode comprises an electrically-insu-
lated body portion 68 coupled to an electrically exposed tip
portion 70. Insulated portion 68 of the electrode has a length
L1 of between 100 um and 650 um, ¢.g., 150 um. Exposed tip
70 of electrode 64 typically has a length .2 of between 25 um
and 100 um, e.g., 50 um. Typically, electrode 64 has an
exposed area of 750 um2. The electrodes 64 protrude from
support substrate 62, such that when device 60 1s implanted 1n
an eye ol a subject, electrodes 64 penetrate tissue of retina 6
and exposed tip portions 70 are typically disposed 1n layer of
bipolar cells 14. Other dimensions of the electrodes are
described hereinbelow, with reference to FIGS. 2-3.

FIG. 1 shows a schematic illustration of electrode 64, 1n
accordance with some applications of the present invention.
As shown, the insulated portion 68 of electrode 64 includes an
clliptical proximal base portion 66 and an elongated body
portion 65 extending between the base portion and the
exposed tip 70. T1p 70 typically comprises distal tip 72 and tip
base 74. Base portion 66 typically has a major axis W1 of
between 25 um and 200 um, e.g., 100 um, and a minor axis
W2 that 1s typically 10-100 um, e.g., 50 um. Base portion 66
typically has a larger average diameter than body portion 63,
contributing to the structural strength of electrode 64. Body
portion 65 1s typically generally elliptical, and has a major
axis W3 of between 15 um and 60 um, e.g., 30 um, and a
minor axis W4 between 5 um and 20 um, e.g., 10 um. Typi-
cally, electrodes 64 have a cross-section of 50-200 um2, 20
um from distal tip 72. For some applications electrodes 64
have a cross-section of at least 200 um2, 20 um from distal tip
72.

For some applications, each electrode 64 1s typically
25-100 um 1n length e.g., 50 um, 1n order to penetrate the
nerve fiber layer (NFL) and reach the layer of ganglion cells
12 (GCL). Contacting the ganglion cells by electrodes 64
typically enables the use of a reduced amount of power in
order to stimulate the ganglion cells. Close proximity to gan-
glion cells 12 generally results 1n more focused stimulation
that enables higher pixel density for a given amount of elec-
trical charge.

Reference 1s made to FIG. 2A, which 1s a schematic 1llus-
tration of an array 90 of electrode 64, in accordance with some
applications of the present invention. Tip portions 70 of elec-
trodes 64 are typically shaped to define a plurality of perfo-
rations passing therethrough. In some applications, tips 70 are
generally pointed, to facilitate tissue penetration. The perto-
rated configuration of the tip allows for neuronal processes to
intertwine with the electrode tips when electrodes 64 are
disposed 1n retinal tissue of a subject. Increased and direct
contact between the electrodes and the neuronal processes,
improves the interaction between the neurons, e.g., bipolar
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cells, and the electrodes. Improved neuron/electrode interac-
tion and coupling enhances stimulation of the neurons by the
clectrodes. Each tip 70 1s typically shaped to define between
1 and 350 perforations (e.g., 1-10) passing therethrough. For
some applications, the perforations of each electrode are
located 5-20 um (e.g., 10 um) from distal tip 72 and 10-30 um
from tip-base 74.

Typically, a spatial density of the perforations of each
pomnted tip 1s 0.001-0.02 perforations/um2, or 0.02 to 0.5
perforations/um?2, e.g., 0.1 perforations/um?2. For some appli-
cations, each perforation has a diameter of 1-10 um. The
diameter of the perforations in electrode 64 allows axons of
bipolar cells, which typically have an average diameter of 1
um, to penetrate and grow through the perforations.

As mentioned hereinabove, for some applications elec-
trodes 64 are disposed 1n the layer of ganglion cells 12. In
such applications, the axons of the ganglion cells grow
through the perforations in electrode tips 70, increasing cou-
pling between the neuronal processes and electrodes 64, and
improving stimulation of the ganglion cell layer.

The average diameter of the perforations 1s typically
smaller than the average diameter of a retinal glial cell, which
1s typically larger than 10 um, preventing glial cells from
passing through the perforations 1n the electrode. Preventing
glial cells from passing through the perforations reduces glial
encapsulation of the electrodes, and prolongs electrode tunc-
tion.

The perforations are typically created by use of chemical
treatments e.g., etching and/or a laser beam. For some appli-
cations, the same treatment 1s used to create the perforations
and to increase surface roughness. For some applications, a
surface of tip 70 of electrode 64 1s coated with carbon nano-
tubes, attracting neuronal processes to the perforations in tip
70 and increasing adhesion of the neuronal processes to the
perforations. Typically, the carbon nanotube coating within
the perforation can withstand penetration of neuronal pro-
cesses nto the perforations.

Reference 1s made to FIG. 2B, which 1s a schematic 1llus-
tration of an end view of array 90 of electrodes 64, in accor-
dance with some applications of the present invention. Device
60 typically comprises array 90 of electrodes 64 comprising,
at least 40 electrodes per mm2, e.g., between 100 and 400
clectrodes permm?2. FIG. 2B shows array 90 divided 1into nine
unmts by way of illustration and not limitation. For some
applications, each unit 1s 100 umx100 um 1n si1ze. Each unit
typically comprises a pair of bipolar electrodes. For some
applications, both bipolar electrodes (+ and -) 1n each unit
protrude from array 90 and are configured to penetrate tissue
of retina 6. One of these electrodes may be stimulating, and
the other a return electrode, or else both may be stimulating.
For some applications, the stimulating electrode 1s longer
than the return electrode 1 each pair, and reaches the layer of
bipolar cells, while the shorter return electrode only reaches
the NFL layer. For other applications, one electrode (either
the + or the -) protrudes from array 90 and 1s configured to
penetrate tissue of retina 6, and the other electrode, of oppo-
site polarity, 1s a surface electrode that 1s not configured to
penetrate tissue of retina 6, but rather functions as a return
clectrode. The distance D1 between the pair of bipolar elec-
trodes 64 in each unit 1s typically between 5 and 50 um, e.g.,
10 um. The distance D2 between electrodes of adjacent units
1s typically between 25-100 um, e.g., 50 um. Generally, the
distance D1 between a pair of electrodes 1n each unit is
smaller than (e.g., less than half of) the distance D2 between
clectrodes of adjacent units.

Reterence 1s made to FIGS. 1 and 2A-B. As shown 1n FIG.
2B, which 1s a Z view from the distal tip 72 of electrodes 64,
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the major axis W1 of base portion 66 of insulated portion 68
1s typically 1.5-2.5 (e.g., 2) times larger than the minor axis
W2 of body portion 65. Typically, major axis W1 1s 25-200
um, €.g2., 50-150 um (e.g., 100 um), and minor axis W2 1s
10-100 um, e.g., 20-80 um (e.g., S0 um)

Reference 1s again made to FIGS. 1 and 2A-B. As men-
tioned heremnabove, for some applications, electrodes 64
comprise bipolar electrodes that are configured to penetrate
retinal tissue of a subject. Penetrating bipolar electrodes,
which are typically implanted such that both the stimulating,
and return electrodes are 1n close proximity to a neuronal
retinal cell, require a smaller potential between the electrodes
and enable reaching a higher potential drop across a given
cell, resulting 1n enhanced stimulation of the cell. This 1s 1n
contrast to many epi-retinal implants known 1n the art 1n
which neuronal cells of the retina are stimulated by a surface
clectrode on the ILM layer.

For some applications, an array 90 of electrodes 64 1s
divided 1nto subsets of electrodes. For such applications, a
subset of three or more, e.g., 3-6, stimulating electrodes, by
way of illustration and not limitation, surround and share a
common return electrode 8. Each electrode 1n the subset
receives a signal, through driving circuitry, from a discrete,
respective, photosensor in support substrate 62, and in
response, stimulates the retina of the subject. In such appli-
cations, the return electrode typically has a sufficiently large
surface area 1n order to accommodate the electric charge
returning from the subset of stimulating electrodes. Gener-
ally, such an arrangement of array of electrodes 64 enables the
use of a reduced number of electrodes, since several stimu-
lating electrodes share a common return electrode. For some
applications, the stimulating electrodes are configured to
drive electrical charges mto the cells of retina non-simulta-
neously. Such staggering of the driving of each electrode in
the subset reduces the amount of return electrical charge that
1s driven through the return electrode at a given time. For
some applications, array 90 comprises at least 10 subsets of
clectrodes, e.g., 100-500 subsets. For some applications,
array 90 comprises 500-1500 subsets of electrodes.

Reference 1s again made to FIGS. 2A-B. Electrodes 64 are
typically fabricated by conventional fabrication processes
known 1n the art. For some applications, following fabrica-
tion, electrodes 64 are assembled on array 90 by methods
such as “pick and place.” For other applications, other meth-
ods are used to fabricate array 90 of electrodes 64, ¢.g., three
dimensional etching and/or MEMS Palladium etching tech-
nique. For some applications, techniques described in one or
more of the following patents are practiced 1n combination
with techniques and apparatus described herein: U.S. Pat.
Nos. 7,096,568, 6,678,458, 6,923,669, 6,473,365, 6,762,116,
7,025,619, 7,081,630 and 6,677,225 which are incorporated
herein by reference.

Reference 1s now made to FIG. 3, which 1s a schematic
cross-sectional 1llustration of a tip portion 70, 1n accordance
with some applications of the present invention. Intraocular
device 60 comprises electrodes which, for some applications,
are shaped to define respective pointed tips configured for
penetrating tissue of the subject. Each tip 70 1s typically an
clectrically exposed tip, configured to directly drive electrical
charge into the retinal tissue, e.g., bipolar cells, causing
stimulation of the tissue and resulting 1n enhanced vision.
Exposed tip 70 of the electrode typically has a length L2 of
between 25 um and 100 um, e.g., 50 um. Typically, although
cach tip 70 1s pointed when viewed from a distance, and thus
functions as a pointed tip for purposes such as penetrating
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tissue, a close examination of the tip 70 reveals that 1t 1s
shaped to have a radius of curvature R of 0.5-10 um, e.g., 2
um.

T1p 70 may be shaped to define a tip having an angle alpha
of 30-60 degrees. As shown 1n FIG. 3, tip 70 comprises a
tip-base portion 74 and a distal tip 72. Base portion 74 of tip
70, which 1s at a distal end of the electrode body portion, has
a width W5 of between 15 um and 60 um, e.g., 30 um. Tip 70
typically decreases monotonically in width along 1ts longitu-
dinal axis from tip-base portion 74 to distal tip 72, until 1t
reaches a width W6 of between 1 um and 20 um, e.g., 10 um,
4 um proximal from distal tip-end 72. For some applications,
tip 70 1s reduced 1n size after electrode shaping by techniques
such as laser ablation.

As shown 1n FIG. 3, tip 70 typically decreases monotoni-
cally 1in thickness along its longitudinal axis from base por-
tion 74 to distal tip 72. Base portion 74 of tip 70 has a
thickness T1 of between 5 um and 20 um, ¢.g., 10 um. Distal
tip 72 of tip 70 has a thickness T2 of between 0.5 um and 5 um,
¢.g., 2 um. The shape of the distal tip of tip 70, and a radius of
curvature R of tip 70, typically reduces the extent to which tip
70 penetrates and/or ruptures cells with which it comes 1n
contact. Typically, retinal neuronal cells range between S and
10 um. Radius of curvature R 1s typically 0.5 um-10um, e.g.,
2 um, roughly 1n the same magnitude as the cells. Generally,
all edges of electrode tip 70 and electrode 64 have a radius of
curvature that 1s greater than 0.1 um, e.g., greater than 0.5 um.
Rounding of the edges 1s typically done to reduce concentra-
tion of charge at sharp edges. Surface treatments to increase
roughness of a surface of tip 70, as described hereinbelow, are
also used to smoothen and round edges of tip 70 and electrode
64.

Typically, tip 70 of electrode 64 1s treated to increase sur-
face roughness of tip 70. For some applications, an area 73 of
tip 70 1s treated to increase roughness, whereas another area
75 of tip 70 remains untreated 1n order to maintain structural
strength of the tip.

Reterence 1s made to FIGS. 2A-B and 3. As shown in FIG.
3, untreated areas 75 are maintained in order to strengthen tip
70 for withstanding compression forces applied during pen-
etration of tip 70 1nto retinal tissue. Surface treatment of the
tip 1n areas 73 typically atfects an area of the tip that 1s as deep
as 2 um from the surface. Increased surface roughness causes
an increased surface area of the tip. The tip 1s treated to
increase roughness such that 1 mm2 area has an equivalent
surface area of between 10 mm2 and 1000 mm?2, e¢.g., 100
mm2. Increased surface area generally reduces electrode
impendence, thereby enhancing stimulation of retinal tissue
by electrodes 64. Additionally, increased roughness generally
reduces surface charge density and improves electrode
capacitance, enabling an increase in the charge injection
limait. Increased surface roughness to reduce charge density 1s
typically achieved by techniques of nanofabrication and/or
metal etching, as described in Liang et al., 1n an article entitled
“Surface modification of cp-T1 using femtosecond laser
micromachining and the deposition of Ca/P layer” Materials
Letters Volume 62, Issue 23, 31 Aug. 2008, Pages 3783-3786,
which 1s incorporated herein by reference.

For some applications, electrodes 64 are coated with car-
bon nanotubes. Typically, carbon nanotubes create a rough
surface 1n electrode 64, including tip portion 70. Rough sur-
faces 1n general and carbon nanotube surfaces in particular
have been shown to attract neurons and promote neuronal
growth. As described in an article by Sorkin et al., entitled
“Process entanglement as a neuronal anchorage mechanism
to rough surfaces,” Nanotechnology 20 (2009) 0135101 (8 pp),

which 1s 1ncorporated herein by reference, neurons were
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found to bind and preferentially anchor to carbon nanotube
rough surfaces. Thus, adhesion of retinal neurons, e.g., bipo-
lar cells, to carbon nanotube electrodes provided by these
applications of the present invention, promotes cell-electrode
coupling and/or axon regeneration, leading to improved
stimulation of the retina. For some applications, the carbon
nanotube coating of electrode 64 1s glued to the electrode
surface and/or grown on a selected surface of the electrode by
using doping techniques known 1n the art.

For some applications, a femtosecond laser 1s used to
increase surface roughness of electrodes 64. Femtosecond
laser treatment produces rough surface structures on titanium
possibly for the use of implants and other biomedical appli-
cations treatments (Vorobyev et al., 2007 referenced above).
As described 1n an article by Vorobyev et al., entitled “Fem-
tosecond laser structuring of titanium 1mplants,” Applied Sur-
face Science, Volume 253, Issue 17, 30 Jun. 2007, Pages
7272-7280, which 1s incorporated herein by reference, fem-
tosecond laser treatment increases the roughness of a titanium
substrate 1n the range of 1-15 um. Additionally, femtosecond
laser treatment was shown to produce a variety of surface
nanostructures, such as nanoprotrusions and nanopores on
the titanium substrate. Liang et al., 2007, cited above, report
good bioactivity of a pure titanium substrate that was treated
with a femtosecond laser to increase roughness of 1ts surface.

For some application, a blanket etch MEMS procedure 1s
used to increase surface roughness of electrodes 64. For such
applications, the entire electrode 64 1s blanketed and tip 70 1s
etched to increase surface roughness and achieve a desired
aspect ratio 1n a similar procedure to that described 1n U.S.
Pat. No. 6,770,521 to Visokay.

Reference 1s made to FIGS. 4A-B, which are schematic
illustration of intraocular device 60, 1n accordance with some
applications of the present invention. Device 60 typically
comprises an array 1090 of protruding electrodes 1064 con-
figured to penetrate the retina of a subject. It 1s to be noted that
techniques and apparatus described herein with reference to
clectrodes 64 and array 90 apply to electrodes 1064 and array
1090, and vice versa, except where otherwise indicated. For
some applications, electrodes 1064 vary in length. Electrodes
61 are generally longer than electrodes 62, thereby facilitat-
ing direct stimulation of distinct areas of the retina, e.g., layer
ol the bipolar cells and/or the layer of ganglion cells. Other
dimensions of the electrodes are described hereinbelow, with
reference to FIG. 6.

Electrodes 1064 comprise any suitable material e.g., pal-
ladium and/or titanitum, and/or silicon electrodes. For some
applications, electrodes 1064 comprise a metal alloy and/or
doped electrodes. Typically, a silicon water 1030 forms the
base of array 1090 from which electrodes 1064 protrude. For
some applications, waler 1030 1s selectively etched to a
desired depth by using any suitable technique known 1n the
art, e.g., techniques of Deep Reactive Ion Etching (DRIE).
For some applications, following bonding of the silicon
wafer, electrodes 1064 are etched by using any suitable tech-
nique known 1n the art, e.g., techniques of Deep Reactive Ion
Etching (DRIE), to have desired dimensions and aspect
rat10s. For some applications, additional metals such as plati-
num, and/or palladium, are deposited on electrodes 1064 by
using, for example, a shadow mask technique. An attaching
titanium ring frame 1020 1s typically electroplated with elec-
trodes 1064 to form structure that can subsequently be welded
to the metal ring case 2020 (shown 1n FIG. 5). The silicon
waler 1030 1s typically biocompatible. Ring frame 1020 1s
typically bonded to silicon water 1030, by using, e.g., fusion
bonding. Suitable fusion bonding techniques are described in
an article by Jourdain et al., entitled, “Fabrication of piezo-
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clectric thick-film bimorph micro-actuators from bulk ceram-
ics using batch-scale methods,” which 1s incorporated herein
by reference. Water 1030 typically comprises through-water
vias.

Typically, device 60 additionally comprises a CMOS chip
1040 including through-silicon vias. For some applications,
solder bumps 1050 are deposited on an upper side of CMOS
chip 1040, clectrically connecting chip 1040 to silicon wafer
1030. Additionally, for some applications, device 60 com-
prises a layer 1060. Layer 1060 typically comprises addi-
tional elements of an intraocular retinal prosthesis, e.g., an
energy recewving layer, a photosensor layer and driving cir-
cuitry that 1s powered by the energy receiving layer. The
driving circuitry typically drives electrical charge into the
retinal tissue from the rough tips 1070 of electrodes 1064, in
response to sensing by the photosensor layer, in order to
stimulate the retinal tissue. The electrical signal generated by
layer 1060 1s typically routed through silicon water 1030 to
clectrodes 1064, providing sealing on one side and electrical
contact on the other.

For some applications, a back side of the titanium water 1s
bound to a glass cap 80 which, as shown 1n FIG. 4B, encap-
sulates the entirety of intraocular device 60, excluding array
1090 of protruding electrodes 1064. For some applications,
glass cap 80 comprises two distinct glass pieces, one of which
1s shaped to define a hole. The glass pieces are typically
bonded to each other by anodic bonding, forming a single
glass cap 80. Bonding of titanium frame 1020 to glass cap 80
1s optionally done using thermal compression bonding. This
low temperature bonding step generally does not affect cir-
cuitry of intraocular device 60. Glass cap 80 generally
reduces exposure of human tissue to any toxic matenals, e.g.,
contaminated silicon, which may exist in intraocular device

60. Typically, laser welding 1s used to close the glass encap-
sulation.

Reference 1s made to FIG. 5, which 1s a schematic 1llustra-
tion of intraocular device 60, 1n accordance with some appli-
cations of the present invention. As described hereinabove,
intraocular device 60 typically comprises array 1090 of elec-
trodes 1064, which are configured to penetrate retinal tissue
ol a subject. For some applications, electrodes 1064 comprise
long electrodes 61 and short electrodes 62. Array 1090 1is
typically bonded to silicon water 1030 which 1s coupled to
CMOS chip 1040 via solder bumps 1050. As shown 1n FIG. 5,
for some applications, intraocular device 60 comprises a
metal ring 2020 which encapsulates the entirety of intraocular
device 60, excluding array 1090 of protruding electrodes
1064. For some applications, metal ring 2020 functions as DC
grounding for electrodes 1064. Additionally, 1n a case 1n
which an electrode 1s not active, 1t may be held to ground by
activating a switch that locks the electrode to metal ring 2020,
such that the electrode stays at ground.

Retference 1s now made to FIGS. 1 and 5. As described
hereinabove with reference to FIG. 1, each electrode 1n
intraocular device 60 comprises an electrically-insulated
body portion coupled to an electrically exposed distal tip.
FIG. 5 shows an exploded view of electrodes 1064 showing
body portion 1068 of electrodes 1064 coated with a polyim-
ide 1insulating coating 82. Tip 1070 of electrode 1064 remains
clectrically exposed, 1.e., not coated with a polyimide coating,
to enable an electrical connection between the tip and the
bipolar layer (or other portions of the retina). As described
hereinabove, 1n some applications, tip 1070 physically con-
tacts the layer of bipolar cells 14 when intraocular device 60
1s implanted in the eye of a subject. For some applications, the
entire electrode 1s fabricated to include a polyimide coating,
followed by for example, an etching process to selectively
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remove the polyimide coating from electrode tip 1070. Alter-
natively, the polyimide coating 1s removed from the tip 70 by
laser ablation. Seo et al., 1n an article entitled “Biocompat-
ibility of polyimide microelectrode array for retinal stimula-
tion,” Materials Science and Engineering: C, Volume 24,
Number 1, 5 Jan. 2004, pp. 185-189(5), which 1s incorporated
herein by reference, report that polyimide 1s a suitable mate-
rial for a retinal prosthesis.

As described hereinabove with reference to FIG. 3, the
clectrically exposed tips of the electrodes are treated to
increase surface roughness. Accordingly, FIG. 5 shows tip
1070 having a rough surface to increase neuronal cell adhe-
sion to tip 1070, thus increasing tissue stimulation by elec-
trodes 1064. Typically, tip 1070 1s configured to penetrate
retinal tissue of a subject.

Typically, intraocular device 60 1s configured to match the
natural curvature of the retina to facilitate implantation and
anchoring of intraocular device 60 to the retina. Accordingly,
clectrodes 1064 typically vary 1n length, and as indicated by
FIGS. 4A-B and 5, for some applications, tips 1070 of elec-
trodes 1064 together define a convex curved surface having a
radius of curvature that 1s 6-15 mm.

Reference 1s made to FIG. 6 which 1s a schematic illustra-
tion of a section of array 1090 of electrodes 1064, 1n accor-
dance with some applications of the present invention. As
shown, array 1090 typically comprises electrodes 1064 of
varying heights. For some applications, electrodes 1064 are
arranged 1n concentric circles on water 1030. The circles of
clectrodes 1064 typically alternate between long electrodes
61 and short electrodes 62, such that electrodes 1064 are
typically arranged 1n pairs of bipolar electrodes. Each pair of
clectrodes typically comprises a single long electrode 61 and
a single short electrode 62.

Intraocular device 60 and electrodes 1064 are typically
configured to match the natural curvature of a human organ
and/or tissue 1 which 1t 1s implanted, e.g., the retina. As
shown 1n FI1G. 6, for some applications, electrodes 1064 vary
in length. Electrodes 61 are generally longer than the elec-
trodes 62, thereby facilitating direct stimulation of distinct
areas of the retina, e.g., layer of bipolar cells and/or the layer
of ganglion cells. For some applications, long electrodes 61
have a length L3 of 200-800 um, e.g., 300-500. Short elec-
trodes 62 typically have a length L4 of 100-550 um, e.g.,
150-350. Typically long electrodes 61 are 50-150 um longer
than the adjacent short electrodes 62. For some applications,
both long electrodes 61 and short electrodes 62 function as
stimulating electrodes. For other applications, long elec-
trodes 61 function as stimulating electrodes and short elec-
trodes 62 function as return electrodes. For some applica-
tions, return electrodes 62 are less than 10 um 1n length, and
may even comprise surface electrodes. In this case, L4 15 less
than 5 um 1n length.

Reference 1s made to FIG. 7, which 1s a schematic illustra-
tion of device 60 disposed 1n retina 6, in accordance with
some applications of the present invention. FIG. 7 shows
components of device 60 (silicon water 1030, attaching ring
frame 1020, CMOS chip 1040, solder bumps 1050 and layer
1060) 1n glass encapsulation 80. Electrodes 1064 are shown
penetrating retina 6. For some applications, and as described
hereinabove with reference to FIG. 6, electrodes 1064 of
intraocular device 60 are arranged 1n pairs of bipolar elec-
trodes. For some applications, both bipolar electrodes (+ and
—) of each pair protrude from intraocular device 60, and are
configured to penetrate tissue of retina 6. For some applica-
tions, the electrodes 1n each pair are of varying lengths, such
that one electrode (either the + or the -) 1s longer than the
second electrode. Typically, the longer electrode 61 (e.g.,
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200-800 um 1n length) 1s configured to protrude from
intraocular device 60 and penetrate retinal tissue 1n order to
contact and stimulate the bipolar cell layer. The shorter elec-
trode 62 (e.g., 100-350 um 1n length) 1s typically configured
to protrude from intraocular device 60 in order to contact and
stimulate epi-retinal tissue, e.g., the NFL layer. Additionally
or alternatively, short electrode 62 1s configured to penetrate
and stimulate retinal ganglion cells. For some applications,
long electrodes 61 function as stimulating electrodes, e.g., to
stimulate the bipolar cells and short electrodes 62 function as
return electrodes.

For other applications, one electrode (either the + or the —)
protrudes from intraocular device 60 and 1s configured to
penetrate tissue of retina 6, and the other electrode, of oppo-
site polarity, 1s a surface electrode that 1s not configured to
penetrate tissue of retina 6, but rather functions as a return
clectrode (application not shown). Typically, intraocular
device 60 comprises at least 100 short or surface electrodes,
and at least 400 long electrodes.

For some applications, electrodes 1064 comprise hook
clectrodes configured to anchor to retinal tissue of a subject,
increasing coupling between the target cells and the elec-
trode.

Reference 1s made to FIGS. 1-7. For some applications,
intraocular device 60, including substrate 62, 1s flexible and
can be adjusted to match the natural curvature of the retina
during implantation. Intraocular device 60 may be adjusted to
match the retina of a subject by standard fitting and/or can be
tallor made according to OCT 1maging of the retina. Once
adjusted to match the natural curvature of the retina, intraocu-
lar device 60 1s typically glued and/or stitched in place. For
other applications, intraocular device 60 1s generally rigid,
and electrodes of varying heights and, optionally, shapes

enable proper attachment of the intraocular device to the
curved structure of the retina.

Reference 1s again made to FIGS. 1-7. It 1s to be noted that
a plurality of implantable devices 60 may be implanted 1n
discrete locations in tissue of retina 6, either arranged 1n an
array, or, for example, pseudo-randomly. Typically, intraocu-
lar device 60 1s wireless and does not comprise bulky com-
ponents, facilitating implantation of several implants 60 in
retina 6 of the subject.

It 1s to be noted that a system comprising penetrating elec-
trodes with rough and/or perforated tips as described herein-
above with reference to FIGS. 1-7, may be implanted 1n any
other organ (e.g., brain, nose, ears and/or tongue), and used 1n
any other neurological application (e.g., cortex stimulation).
Implantation of penetrating electrodes as described herein-
above 1n, for example, brain tissue of a subject typically
reduces the amount of power required to stimulate the tissue.
Additionally or alternatively, implantation of such electrodes
tacilitates specific sensing and enhances specific stimulation
of a target neuron 1n the tissue by directly contacting selective
areas with the electrodes.

For some applications, a system comprising penetrating,
clectrodes as described hereinabove may be used to stimulate
organs such as the liver or the pancreas. Implanting an array
ol such electrodes 1n, for example, selected areas of pancre-
atic tissue (e.g., insulin-secreting areas) enables specific and
more effective stimulation of these areas.

Reference 1s again made to FIG. 4. For some applications,
layer 1060 1s a multilayer array comprising an energy receiv-
ing layer, a photosensors layer and driving circuitry that 1s
powered by the energy recerving layer. The driving circuitry
typically drives current into the stimulating electrodes 1064,
in response to sensing of ambient light by the photosensor
layer, in order to stimulate the retinal tissue. Alternatively,
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layer 1060 comprises a single layer array configured both for
energy recerving and photosensing. For some applications a
portion of the single array 1s configured for energy reception
and a separate portion of the array 1s configured for photo-
sensing. Alternatively, for applications 1n which a single layer
1s configured both for energy receiving and photosensing, the
entire layer 1s configured, during alternating time periods, to
(a) recerve energy from power source 24 (shown 1in FIG. 1) to
power the driving circuitry, and (b) sense ambient light and
responsively transmit a signal to the driving circuitry.
Reference 1s made to FIG. 8, which 1s a block diagram of
the transmission of energy, information, and instructions, in
system 20, 1n accordance with some applications of the inven-
tion. External device 600 1s located outside of a body of a
subject and comprises power source 24, which emits energy
to power components of intraocular device 60. The energy
which 1s transmitted to device 60 1s recerved by energy
receiver 32. Energy receiver 32 typically comprises a voltage
regulator 29 configured to maintain a constant voltage level to
power the components of device 60. Intraocular device 60
turther comprises photosensors 34 configured to detect pho-
tons 33 and generate a photosensor signal responsively to the
photons. It 1s noted that although photosensors 34 are gener-
ally shown and described herein as being positioned 1n
intraocular device 60, the scope of the present invention
includes coupling photosensors 34 to external device 600
(application not shown). For some applications, a single light
receiving element indicated by box 210 functions, during
alternating time periods, as an energy receiver 32 and photo-
sensors 34. The photosensor signal 1s transmitted to driving
circuitry 36, which drives the electrodes 1064 to apply elec-
trical charges to cells of retina 6. As shown, system 20 typi-
cally comprises a control unmit 200 configured to regulate
operating parameters ol intraocular device 60. For example,
the control unit may regulate operation of photosensors 34.
Typically, photosensors 34 are arranged as an array of
photosensors 34. In some configurations of device 60, each
photosensor 1n the array of photosensors corresponds to a
stimulating electrode 1n the array of electrodes 1064. For
some applications, each photosensor functions indepen-
dently, 1.e., each photosensor receives photons 33 and in
response sends signals to driving circuitry 36, whereupon the
driving circuitry drives the corresponding electrode to apply
clectrical charge to the retina 6. Thus, intraocular device 60
comprises an array of photosensor units, each photosensor
unit comprising a photosensor and a corresponding electrode.
Accordingly, the degree of retinal stimulation applied by each
photosensor unit 1n the intraocular device 1s dictated by the
light received by that unit. For some applications, each pho-
tosensor unit translates the level of light recerved by that unait
into a train of stimulation pulses that 1s applied to the retina by
the electrode. Additionally, such conversion of intensity of
received light to frequency of stimulation can include a log
transformation, such that for example: x photons recetved by
the photosensor unit translate into one stimulation pulse
applied by the electrode, while 10x photons correspond to
only 2 stimulation pulses applied by the electrode.
Although functioning independently from one another, for
some applications, a central control unit 200 regulates the
function of each photosensor and corresponding electrode
unit. Additionally or alternatively, each photosensor unit 1s
configured to communicate with other units located in close
proximity, and to modulate the electrical charge 1t drives nto
the retina 1n response to the functioning of neighboring units.
Regulation of the electrical charge applied by each unit in the
array of photosensors 34 with respect to other units in the
array facilitates regulation of diverse features of visual per-
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ception. Varying the electrical charges applied to retinal neu-
rons allows improved processing of the electrical charge by
the retinal neurons e.g., bipolar cells.

For some applications, processing 1s performed by control
unit 200. In some configurations of intraocular device 60,
there 1s a larger number ol photosensors than stimulating
clectrodes. For example, processing by control unit 200 can
include disabling a bad pixel, improving focus of an 1mage,
sharpening, level adjustment, edge enhancement, and motion
detection. Typically, this 1s performed using the data provided
by the significantly larger number of photosensors than
stimulating electrodes. Thus, edge detection and enhance-
ment (or other 1image processing techniques) are performed
using the hundreds of data points (or more), which are avail-
able to the control unit after having been sampled by the
individual photosensors. This processing 1s used to allow the
smaller number of stimulating electrodes to apply a more
meaningiul form of retinal stimulation, which reflects the
output of the image processing (e.g., by showing an enhanced
edge, emphasizing motion, or sharpening individual elements
of an 1mage). The scope of the present invention includes
performing any of the image processing techniques described
herein, even 11 the number of photosensors 1s not smaller than
the number of stimulating electrodes. For some applications,
a standard process 1s utilized 1n order to, e.g., enhance sensi-
tivity by summation, edge detection for a clearer image, noise
reduction 1n time and space, and/or adaptive dynamic range.
Alternatively, the control unit facilitates processing, such as
edge enhancement, by horizontal and/or amacrine cells of the
retina, by providing a simpler image than that imaged by the
photosensors. This simpler image 1s more easily processed by
the retina neuron network.

For some applications, intraocular device 60 comprises
protruding electrodes which are suilicient 1n length to contact
bipolar cells 14 (shown 1n FIG. 1), thereby directly driving
clectrical charges into the bipolar cells. Thus, the electrical
charge from the electrodes 1s directly driven into the bipolar
cells, which transmit the viewed 1image via the ganglion cells
and the optic nerve to the brain. Additionally, other retinal
neurons, €.g., horizontal cells and/or amacrine cells, perform
image processing to enhance and improve the recerved image.
Examples of such processing include: focusing, edge detec-
tion, light adjustment, averaging, and motion detection. By
directly contacting the layer of bipolar cells, device 60 mim-
ics the natural transferring of a signal from native photore-
ceptor cells directly to the bipolar cells, for processing by the
bipolar cells. The photoreceptor nerve cells are typically con-
nected by synapses to bipolar nerve cells, which are then
connected to ganglion nerve cells 12. The ganglion nerve
cells connect to the optic nerve fibers, which carry the infor-
mation generated 1n the retina to the brain.

For some applications, device 60 may comprise protruding,
clectrodes that are shorter 1 length (e.g., 50-200 um, e.g.,
100-150 um) and configured to directly contact the layer of
ganglion cells 12 (shown 1n FIG. 7). For some applications,
control unit 200 1s configured to perform processing of the
signals from the photosensors, and directly apply the pre-
processed electrical charges via the electrodes to the ganglion
cells, e.g., as described hereinabove with respect to improv-
ing edge detection or other 1mage processing techniques.

Reference 1s again made to FIG. 8. For some applications,
central control unit 200 regulates the function of some or all
photosensors 34 and their corresponding electrode(s) 1064,
¢.g., by controlling the duration of a sensing period of each
photosensor. Typically, the amount of ambient light that lands
on the array of photosensors 1s used by the central control unit
to determine the duration of a sensing period of each photo-
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sensor, 1.e., the amount of time 1n which the photosensor
receives photons before the driving circuitry drives the cor-
responding electrode to drive electrical charge into retinal
tissue (e.g., 0.1 ms-30 ms). Thus, for example, the sensitivity

22

ten longer pulses indicating a subject-selected desired level of
stimulation 1intensity. To change sensitivity, a first train of six
long pulses 1s emitted from power source 24, followed by a
train of between one and ten longer pulses indicating a sub-

of each photosensor may be increased over the course of 5 ject-selected desired level of sensitivity. A person of ordinary

several seconds, 11 the subject enters a dark room.

Additionally or alternatively, central control unit 200 sets
the duration of an energy receiving period, 1.€., the amount of
time 1n which energy receiver 32 recerves energy from exter-
nal power source 24 before that energy 1s passed to driving,
circuitry 36 to drive the electrodes to drive electrical charges
into retinal tissue (e.g., 1-10 ms, or 10-100 ms). For example,
control umt 200 may increase the duration of an energy
receiving period to supply device 60 with a suflicient amount
of energy, e.g., 1f the subject increases the intensity such that
a larger amount of electrical charge 1s applied through the
clectrodes, resulting 1n device 60 requiring an increased
amount of energy. Further additionally or alternatively, cen-
tral control unit 200 regulates the stimulation timing.

Reference 1s still made to FIG. 8. For some applications, in
addition to supplying power to device 60, the energy emitted
by power source 24 1s used to regulate operation of 1ntraocu-
lar device 60. This regulation may be in real-time, e.g., where
the duration of each laser pulse corresponds to the duration of
stimulation applied by an electrode to the retina. Alterna-
tively, this regulation 1s not in real-time, e.g., conveying a
digital message to the controller, which, 1n turn, modulates
the stimulation signal (for example to increase exposure
time). In some applications, external device 600 comprises a
control element 27 (e.g., a dial, switch, or button) coupled to
eyeglasses 25 (shown i FIG. 1), allowing the subject to
interactively control the intensity of the electrical charge
applied to retina 6 and/or the sensitivity of photosensors 34 to
received light, and/or another system parameter. Typically,
the intensity of the electrical charge applied to the retina by
the electrodes 1s determined by driving circuitry 36, which
drives electrodes 1064 to apply the electrical charge in pulses
of electrical charge. The driving circuitry 1s configured to
alter the intensity of electrical charge applied to the retina by
regulating a stimulation parameter such as a number of the
pulses, a frequency of the pulses, duration of each pulse, or a
pulse repetition interval of the pulses. Additionally or alter-
natively, the driving circuitry 1s configured to control ampli-
tude of the electrical charges applied by the electrodes. Con-
trol unit 200 1s configured to regulate the function of the
driving circuitry to adjust the intensity of the electrical charge
based on the subject’s input. Additionally, for some applica-
tions, the sensitivity of photosensors 34 to received light 1s
determined by the duration of a sensing period of photosen-
sors 34. Control unit 200 1s configured to increase or decrease
sensitivity of device 60 in response to the subject’s input, e.g.,
by regulating the duration of a sensing period.

For example, if the subject determines that the overall
stimulation being applied by device 60 to the retina 1s too
strong, then he can adjust a setting on the control element to
reduce the stimulation strength. Similarly, 11 he senses that his
entire visual field 1s over-stimulated, indicating that the sen-
sitivity of photosensors 34 1s too high (e.g., resulting in the
entire array of electrodes activating the retina at high inten-
s1ty ), then he can adjust another setting on the control element
to reduce the sensitivity. In response to the subject’s input, the
energy emitted by the power source 1s modulated to regulate
operating parameters of device 60, e.g., to increase or
decrease intensity and/or sensitivity. An example of a suitable
modulation protocol includes a first train of six short pulses
from power source 24, indicating that stimulation intensity 1s
going to be changed, followed by a train of between one and
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skill 1n the art will appreciate that other encoding protocols
may be used, as well.

For some applications, intraocular device 60 (e.g., the con-
trol unit of device 60) 1s configured to regulate the operation
parameter of device 60 based on amplitude modulation of the
light emitted by the power source 24 and received by energy
receiver 32. Typically, the amplitude modulation varies
between a mimmimum signal level and a maximum signal level.
For some applications the minimum signal 1s at least 20% of
the maximum signal (e.g., at least 50% of the maximum
level). Typically the light emitted by power source 24 1is
modulated such that a carrier frequency of the modulated
light 1s 10-100 kHz and a pulse width of pulses of the modu-
lated light 1s 1-10 usec. For some applications, frequency
modulation of the emitted light 1s used instead of or 1n addi-
tion to amplitude modulation.

In some applications, the minimum signal level 1s at least
20% (e.g., at least 50%) of a summed strength of (a) light
received by intraocular device 60 from power source 24 and
(b) ambient light recerved by the intraocular device. For some
applications, external device 600 comprises a sensor config-
ured to sense a level of ambient light and change the modu-
lation of the light emitted by the power source 24 accordingly.
For some applications, control element 27 coupled to eye-
glasses 25 (shown in FIG. 1), comprises this sensor, e.g., a
photodiode, configured to sense the level of the ambient light.
For some applications, intraocular device 60 comprises the
sensor that senses the level of ambient light.

Alternatively or additionally, a filter, e.g., a narrow band
filter, 1s associated with energy receiver 32 and 1s configured
to substantially prevent the ambient light from reaching the
energy recerver or being sensed by the receiver.

Typically, central control unit 200 recerves modulated
energy from energy receiver 32, and demodulates the energy
to regulate operation of device 60 accordingly. For example,
based on the subject’s input, the energy emitted by power
source 24 1s modulated to signal to device 60 to decrease or
increase sensitivity of photosensors 34. (For example, the
modulation may include changes 1n pulse timing of pulses
emitted by power source 24.) Control unit 200 1s configured to
demodulate the energy recerved by energy receiver 32 and,
for example, accordingly determine the duration of a sensing
period of the photosensors, 1.¢., the amount of time 1n which
the photosensors receive photons before the driving circuitry
drives the corresponding electrode to drive electrical charge
into retinal tissue (e.g., 0.1 ms-5 ms, or 5 ms-100 ms). This
thereby increases or decreases the sensitivity of the photosen-
sors according to the subject’s input. Additionally or alterna-
tively, control unit 200 1s configured to demodulate the energy
received by energy receiver 32 and accordingly regulate the
driving circuitry to alter the intensity of electrical charge
applied to the retina by altering a stimulation parameter such
as a number of the pulses, a frequency of the pulses, duration
of each pulse, and a pulse repetition interval of the pulses.

Alternatively, the function of elements and/or arrays and/or
sub-arrays of device 60 are controlled by several distributed
control units.

For example, for some applications, each photosensor and
corresponding electrode unit 1s controlled by an individual
control unit which regulates system parameters, such as
parameters of the photosensor. In an application, the sensi-
tivity of the photosensors 1s regulated, for example, by setting
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the duration of a sensing period of each photosensor (1.¢., the
amount of time 1n which the photosensor receives photons
before the driving circuitry drives the corresponding elec-
trode to drive electrical charge 1nto retinal tissue). For other
applications, separate control units regulate the function of
cach subset of electrodes and corresponding photosensors.

Reference 1s made to FIGS. 1-8. For some applications,
device 60 1s configured to enable night vision (typically 1n
addition to regular vision when there 1s suilicient light). Typi-
cally, photosensors 34 are sensitive to visible light and are
configured to receive photons from ambient light and gener-
ate a signal 1n response thereto. For some applications, and 1n
particular for conditions lacking ambient visible light, device
60 additionally comprises uncooled infrared (IR) detectors
which receive incident IR radiation and produce an output
signal depending on the amount of IR radiation landing on the
detector. The uncooled IR detectors convert the incident IR
radiation into an electrical current in device 60 which 1s
conveyed to the driving circuitry, which 1n turn drives the
clectrodes to apply electrical charges to the retina, causing
image formation.

Reference 1s again made to FIGS. 1-8. During implanta-
tion, device 60 1s typically mechanically attached to the retina
of a subject and/or glued 1nto place.

Reference 1s still made to FIGS. 1-8. For some applica-
tions, electrodes 1064 are arranged 1n several subsets of elec-
trodes. For some applications, device 60 comprises 10-2500
subsets, e.g., 100-3500 subsets of electrodes. For some appli-
cations, array 1090 comprises 500-13500 subsets of elec-
trodes. For some applications, each subset of electrodes com-
prises three or more electrodes. For some applications, an
clectrode 1n at least one of the subsets 1s within 300 um or 500
um of another electrode 1n the subset.

Typically each subset of electrodes shares a common
power supply, €.g., a common capacitor, which provides cur-
rent (typically non-simultaneously) to all of the electrodes in
a respective subset. In such applications, the capacitor in each
subset 1s sulliciently large (e.g., 0.01-0.1 nf, or 0.1 ni-1 nf) to
allow charging to less than 50% of full-charge of the capacitor
during each charging of the capacitor. Using a large capacitor
generally enhances the elliciency of intraocular device 60,
since 1t allows for the capacitor to quickly recharge once 1t has
provided currents to the electrodes. In contrast, using a single
small capacitor 1n order to drive a single electrode typically
requires a longer recharging period and 1s therefore less effi-
cient. However, it 1s generally not possible to have one large
capacitor per electrode, 1 an array of 100-1000 electrodes.
As provided by some applications of the present invention, an
array of several subsets of electrodes, 1n which each subset 1s
driven by a respective common large capacitor, allows for the
use of a reduced number of large capacitors, thus allowing the
use of a large capacitor to drive a plurality of electrodes and
thereby improving efliciency of the device.

For some applications, electrodes 1064 are arranged in
subsets of stimulating electrodes which surround and share a
common return electrode (as described hereinabove). At least
some of the stimulating electrodes 1064 1n each subset are
configured to drive electrical charges into the neurons of the
retina in non-simultaneous time periods. Consequently, for
such applications, the common return electrode recerves elec-
trical charges from at least some of the stimulating electrodes
in the subset non-simultaneously. Such staggering of the driv-
ing of each electrode and of the returning current generally
reduces interference and neuron load. Such staggering also
reduces tissue damage and/or prolongs the lifetime of the
return electrode. Additionally, for applications in which the
clectrodes are arranged 1n subsets of electrodes, staggering of
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the driving of each electrode generally reduces the charge
density per subset. Additionally or alternatively, staggering of
the driving of each electrode generally reduces interference
between adjacent neuron fibers, typically leading to improved
sensation of vision.

For some applications, no dedicated return electrode 1s
provided, but instead while one electrode 1n a subset drives
clectrical charges into the retina, some or all of the remaining
clectrodes 1n the subset act, collectively, as a return electrode.

Typically, application of electrical charges to the cells may
be programmed such that generation of sub-harmonics and/or
beat frequencies, and/or artificial frequencies and/or sensa-
tions of a thcker are reduced. For example intraocular device
60 may be configured to apply electrical charge through elec-
trodes 1064 1n a subset using changing sequences. For
example, apparatus 60 may be configured to apply electrical
charge through four electrodes 1n a subset using the sequence
1-2-3-4, followed by applying the electrical charge in a dii-
ferent sequence (3-1-2-4), by way of illustration and not
limitation. Alternatively, the electrical charge 1s applied using
time-based jittering of at least some of the electrical charge
applications, to reduce the generation of sub-harmonics and/
or beat frequencies, and/or artificial frequencies and/or sen-
sations of a flicker. For example, instead of applying electrical
charge pulses separated by a standard time gap, the time gap
can be “jittered” by introducing a time variation in the fre-
quency ol these successive electrical charge pulses. Alterna-
tively or additionally, other signal parameters may be jittered,
such as pulse duration and amplitude. For some applications,
a Tuzzy logic, multi-value, concept 1s applied. For example,
instead of having a single fixed parameter for power ampli-
tude or jitter, the system has a range of each parameter and 1t
will scan through this range in a regular or pseudorandom
procedure. (In biological systems, the exact parameter that
will produce an optimal response at any time 1s changing, but
the range of the parameter 1s generally known.)

For some applications, system 20 1s configured to restore at
least some color vision 1n a subject sutlering from damaged
retinal photoreceptor cells, e.g., cones, by stimulating intact
portions of the retina, e.g., the bipolar cells. Most cones lie in
the fovea, which defines the center of the retina. Humans
normally have three types of cones responding to different
wavelengths. A different signal 1s applied by the different
cone types, allowing perception of different colors. A typical
cone cell forms a synapse with a neuron such as the bipolar
cell. Intraocular device 60 1s configured to drive the elec-
trodes to directly stimulate different bipolar cells resulting in
perception of different colors. Additionally or alternatively,
the electrical charge driven by the electrodes into the retina 1s
modulated such that different stimulation patterns are applied
to the retina resulting in the perception of color (e.g., red,
green and/or blue). Intraocular device 60 can then be cali-
brated based on the subject’s mput as to which stimulation
pattern (typically based on varying pulse parameters) creates
an optimal perception of color.

Additionally, photosensors 34 are color sensitive and con-
figured to distinguish between certain colors (e.g., red, green
and/or blue). Accordingly, electrodes 1064 are typically des-
ignated red, green and/or blue (by way of illustration and not
limitation), corresponding to the colors sensed by photosen-
sors 34. According to the sensing of different colors, the
driving circuitry 1n intraocular device 60 drives electrical
charges through the corresponding electrodes, resulting in the
sensation of different colors (typically after an acclimation
and/or traiming period).

Reterence 1s still made to FIG. 8. For some applications,
energy receiver 32 and voltage regulator 29 are 1solated from
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photosensors 34, to reduce noise levels 1n intraocular device
60. Photosensors 34 are typically highly sensitive to energy
levels of less than 1 pW, and are as a result susceptible to
noise. Electrical stimulation by contrast creates relatively
high power (0.1-1 uW) electrical signals, for neuron activa-
tion. Accordingly, noise generated by the high power signal 1s
typically filtered from entering into the photosensing cir-
cuitry. Such filtering 1s typically implemented 1n the VLSI
clectrical design. Additionally, voltage regulator 29 1s a main
connection between the two circuits and to reduce noise trans-
fer 1t 1s typically divided into two different circuits.

For some applications, power source 24 of the external
device comprises an RF emitting power source. For such
applications i which the power source comprises an RF
emitting power source, an intraocular lens (IOL) 1s implanted
in the eye of the subject, replacing the native lens. Typically,
an RF receiving coil configured to receive RF energy emitted
from the power source 1s incorporated mnto the IOL (configu-
ration not shown). Incorporation of the RF receiving coil in
the IOL, instead of implanting such a coil in a small epi-
retinal space, generally enables the use of a large diameter RF
receiving coil (e.g., 8-14 mm 1n diameter). Additionally, an
RF receiving coil which 1s located in the IOL 1s 1n relative
close proximity to the RF power source, enabling the use of a
reduced amount of energy. Typically, the macula of the retina
1s spaced about 4-5 cm from eyeglasses 25 (eyeglasses 25 are
shown 1n FIG. 1), which are coupled to an RF energy source.
Thus the IOL with the RF receiwving coil 1s positioned
approximately 1.5-2 cm from the RF energy source. This
cnables higher RF efficiency than 11 an RF receiving coil were
implanted 1n the retina. An intraocular unit comprising pho-
tosensors, driving circuitry and stimulating electrodes 1s typi-
cally implanted 1n either an epi-retinal or a sub-retinal loca-
tion and configured to receive the energy from the RF
receiving coil. For some applications, a wire transierring
energy from the RF recerving coil to the intraocular unit
extends between the RF receiving coil 1 the IOL and the
intraocular unait.

Reference 1s made to FIGS. 9A-C, which are schematic
illustrations of system 20, in accordance with some applica-
tions of the present invention.

FIG. 9A 1s a block diagram of transmission of energy,
information, and instructions, in the system for restoring
vision, 1 accordance with some applications of the present
invention. External device 600 1s located outside of a body of
a subject and comprises power source 24, which emits energy
to power components of intraocular device 60. Intraocular
device 60 1s shown in FIG. 9A as comprising at least one
energy receiving die 32, a CMOS imager die 240 and a
custom-made ASIC die 260. The energy which 1s transmitted
to device 60 1s recerved by energy recerver 32, which typically
comprises a plurality of discrete photovoltaic cell dies.
Intraocular device 60 further comprises at least one array of
photosensors 34, configured to detect photons 33 emanating,
from external objects and generate a photosensor signal
responsively to the photons. Typically, the photosensors are
incorporated into single CMOS 1mager die 240 comprising an
imager and an 1image processor. This CMOS 1mager die may
be similar to other low power CMOS 1magers known 1n the
art, and/or may be manufactured by companies such as
Micron, OmmiVision, ST, Mitsubishi and Kodak. For some
applications, imager die 240 comprises between 10,000 and
5,000,000 pixels (by way of 1llustrations and not limitation).
Typically, device 60 comprises between 1000 and 5000
stimulating electrodes.

The photosensor signal 1s transmitted to driving circuitry
36 which drives electrode 1064 to apply electrical charges to
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cells of the retina. As shown, for some applications, elec-
trodes 1064 are coupled to a custom-made ASIC die 260.
Typically, device 60 comprises a custom-made ASIC die 260
which additionally includes a charge pump 280, a demodu-
lator 290, a control unit 2000, and an 1mage processor 310.
Energy from external power source 24 reaches energy
receiver 32 and i1s passed via charge pump 280 to power
components of mtraocular device 60. The charge pump gen-
erates a higher voltage to be supplied to digital components of
device 60. In addition to supplying power to components of
ASIC die 260, charge pump 280 supplies power to imager die
240. Alternatively or additionally, photovoltaic cell dies of
energy receiver 32 can be cascade wired, and thereby config-
ured to 1increase voltage and enhance power supply to device
60. Energy from the energy recerver and charge pump 1s
additionally passed to demodulator 290 and control unit 2000
in ASIC die 260. The demodulator typically receives modu-
lated energy from energy recerver 32, and demodulates the
energy to regulate, together with the control unit, operation of
device 60 as described hereinabove with reference to FIG. 8.
For other applications, software or hardware 1n the control
unit 1s configured to demodulate the energy from energy
receiver 32 to regulate operation of device 60 as described
hereinabove. It 1s to be noted that techniques and apparatus
described herein with reference to control unit 200 apply to

control unit 2000 and vice versa, except where otherwise
indicated.

ASIC die 260 further comprises an 1image processor 310
and 1s coupled to stimulating electrodes 1064 via driving
circuitry 36 (including, for example, analog amplification
functionality). The control unit typically regulates processing
of the signal generated by photosensors 34 by image proces-
sor 310 1n accordance with the now demodulated 1nforma-
tion. The processed photosensor signal 1s passed to driving
circuitry 36, which drives stimulating electrodes 1064 to
apply electrical charge to the retina of a subject.

For other applications, custom-made ASIC die 260 may,
additionally to the above-mentioned components, also com-
prise energy recerver 32 and/or photosensors 34 or any com-
bination thereof.

In an additional configuration, intraocular device 60 com-
prises custom-made ASIC die 260 and at least one photovol-
taic die which comprises energy recetver 32 and photosensors
34.

Typically, ASIC die 260 comprises an integral BIT (built-in
test), configured to generate an output when device 60 1s
implanted 1n an eye of a subject and transfer the output either
in a wired or wireless manner, enabling calibration of device
60 after implantation. Alternatively, the output 1s used to
calibrate device 60 prior to implantation, e.g., during manu-
facturing or pre-implantation processing.

Reference 1s now made to FIGS. 9B-C, which are sche-
matic illustrations of a particular configuration of the com-
ponents ol device 60, 1n accordance with some applications of
the present invention. FIGS. 9B-C show front and side views,
respectively, of device 60 1n accordance with some applica-
tions of the present invention. As shown, for some applica-
tions, the photosensors, which are configured to receive vis-
ible light, are incorporated 1nto a single CMOS 1mager die.
(Applications 1n which a plurality of CMOS imager dies are
employed are not shown.) The CMOS 1mager die 1s typically
surrounded by a plurality of photovoltaic dies configured to
function as energy recervers 32 and receive energy from an
external power source. Typically operation parameters of
cach photovoltaic die, e.g., the duration of an energy receiv-
ing period, 1s regulated by a discrete control unit coupled to
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cach photovoltaic die. Alternatively, a central control unit
regulates operation of the photovoltaic dies.

CMOS mmager die 240 and energy recerving photovoltaic
dies 32 are typically arranged 1n an array 900, which com-
prises the front side 910 of device 60 (the anterior side, when
implanted). Typically, the imager die and the photovoltaic
dies include a back side thereof, which forms the active sur-
tace 400 of these components. Solder bumps 1050 are depos-
ited on a back side of array 900, electrically connecting array
900 to custom-made ASIC die 260 which typically includes
through-silicon vias 1055. Alternatively the dies can be con-
nected with wire bonding techniques. As shown 1n FIG. 9C,
the ASIC die 1s coupled to electrodes 1064, which form the
back side 920 of device 60 (the posterior side, when
implanted). Typically device 60 1s implanted in an eye of a
subject, such that front side 910 of array 900 1s facing the
pupil, allowing visible light and energy from an external
power source to strike array 900, and electrodes 1064 are
positioned 1n a suitable orientation allowing the electrodes to
directly contact and stimulate the tissue of the retina.

Reference 1s made to FIG. 10, which 1s a block diagram of
transmission of energy, information, and 1nstructions, in the
system for restoring vision, in accordance with some appli-
cations of the present invention. FIG. 10 shows an alternative
configuration for intraocular device 60. In some applications,
intraocular device 60 takes on a cellular-based configuration
in which it comprises a plurality of cells, 1.e., a plurality of the
unit labeled 500. For some applications, intraocular device 60
comprises 1000-5000 such cells. Typically, each cell com-
prises an entire set of components including energy receivers
32, photosensors 34, a capacitor 270, a demodulator 290, a
control unit 2000, driving circuitry 36 and 1-2 electrodes
1064. FIG. 10 shows a plurality of photovoltaic units which
function as energy recervers 32 and receive energy from an
external power source, e.g., a laser. For some applications,
several photovoltaic units (shown in FIG. 10 as the three top
photovoltaic units by way of illustration and not limitation)
function as energy recervers 32, configured to receive energy
from an external power source, e.g., a laser, to power the
components of each cell 500. Additionally, for some applica-
tions, photosensors 34 (shown 1n FIG. 10 as the bottom unit
by way of 1illustration and not limitation) are configured to
receive photons emanating from an external object.

Reference 1s made to FIGS. 11A-B, which are block dia-
grams ol transmission of energy, information, and instruc-
tions, 1n the system for restoring vision, 1n accordance with
yet another application of the present invention. FIGS. 11A-B
show external power source 24, which emits energy to power
components of intraocular device 60. For some applications,
a single light receiving element (indicated 1n F1IG. 11 A by box
210) functions, during alternating time periods, as an energy
receiver, configured to receive energy from the external
power source, and also as photosensors which are sensitive to
visible light. FIG. 11A shows a central control unit 2000
which functions to regulate the operation of element 210 and
to switch between energy receiving and photosensing. Cen-
tral control unit 2000 further regulates the function of addi-
tional components of device 60 as described hereinabove. As
shown for this application, device 60 further comprises a
charge pump 280, a demodulator 290, an 1image processor 310
and stimulating electrodes 1064.

For some applications, intraocular device 60 comprises a
plurality of fully functional cells 500 as described herein-
above with reference to FIG. 10. FIG. 11B shows a cell
generally as described with reference to FIG. 10, with the
distinction that each photovoltaic unit functions as both an
energy receiver and a photosensor, during alternating time
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periods. FIG. 11B shows a plurality of light receiving ele-
ments 210 which function as energy receivers and photosen-
sors, during alternating time periods. Typically, while func-
tioning as an energy recerver, each component 210 receives
energy to power device 60 from external power source 24.
While functioning as photosensors, each element 210 1s typi-
cally sensitive to ambient visible light which strikes compo-
nents 210. As shown, for some applications, each cell 500 1s
regulated by a discrete control unit 2000 which 1s configured
to regulate the operation of component 210 as an energy
receiver and as a photosensor, during alternating time periods.
Additionally, the control unit 1s configured to regulate switch-
ing of light receiving element 210 between energy receiving
and photosensing. It 1s to be noted that for some applications
clement 210 1s configured to receive other forms of energy,
¢.g., RF energy, to power components of intraocular device
60.

For some applications, the plurality of cells 500 are
arranged 1n clusters of cells. Typically, the receiving of energy
from the power source, and the receiving of visible light from
an object, occur 1n two phases. For example, during a first
phase, cells 500 1n a cluster receive visible light and during a
second phase receive energy from the power source, e.g., IR
energy. The visible light recerved during the first phase 1s then
used to define tissue stimulation during the second phase.
Typically, the stimulation of each electrode 1n a given cluster
occurs 1n sequence, 1n order to reduce short-term power
requirements. Thus, for example, if there are four cells 1n a
cluster, then during the second phase, each cell 1s actuated, 1n
turn, to apply tissue stimulation i1n accordance with the light
sensed by the photosensor of that cell.

Reference 1s made to FIGS. 9-11. Energy recervers 32
and/or photosensors 34 may comprise diodes selected from
the group consisting of: a silicon diode, an amorphous silicon

diode, a CMOS diode, a CMOS mmaging 3-diode cell or a

CMOS 1maging 4-diode cell. Typically, any of these may be
fabricated as back-1lluminated energy recervers or photosen-
sors, which allow passage of light through the substrate
betore striking the active surface. For such applications, fab-
rication techniques of back-i1lluminated sensors, which are

described in one or more of the following references, are
practiced 1 combination with techniques and device
described heremn:  http://www.sony.net/SonyInfo/News/
Press/200806/08-069E/1ndex.html; and Swain P K., et al., in
an article entitled “Back-Illuminated Image Sensors Come to
the Forefront. Novel materials and fabrication methods
increase quality and lower cost of sensors for machine vision
and industrial imaging.” Photonics Spectra August 2008.

Reference 1s made to FIGS. 1-11. For some applications,
the electrodes described herein function to achieve biphasic
stimulation of the cells. For example, the itraocular device
may generate for example three voltages (e.g., 0V, 1.5V, and
3 V). A “ground” electrode 1s connected to the intermediate
voltage, and a stimulation electrode 1s switched repeatedly
between the higher voltage and the lower voltage, in order to
produce biphasic stimulation. For some applications, a single
voltage difference 1s generated (e.g., suchthatO Vand 1.5V
are available) and this voltage difference 1s repeatedly
switched to be 1n alternating electrical contact with two of the
clectrodes, so as to produce biphasic stimulation.

Reference 1s made to FIGS. 1-11. For some applications, a
total volume of the intraocular device 1s less than 0.2 cc.

The scope of the present invention includes embodiments
described in the following patent applications, which are
incorporated herein by reference. For some applications,
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techniques and apparatus described in the following patent
application are combined with techniques and apparatus
described herein:

US Patent Application Publication 2010/0204754 to
Gross, entitled, “Retinal Prosthesis,” filed Feb. 9, 2009,
and which 1ssued as U.S. Pat. No. 8,150,526.

U.S. patent application Ser. No. 12/687,509 to Geten,
entitled, “Penetrating Electrodes for Retinal Stimula-
tion,” filed Jan. 14, 2010, which published as US 2011/
0172736, and which 1ssued as U.S. Pat. No. 8,718.,784.

PCT Application Publication WO 2010/089739 to Gross
entitled “Retinal Prosthesis,” filed Feb. 3, 2010.

U.S. patent application Ser. No. 12/852,218 to Geten,
entitled, “Retinal prosthesis technmiques™, filed Aug. 6,
2010, which published as US 2012/0035725, and which
1ssued as U.S. Pat. No. 8,428,740.

For some applications, techniques described herein are
practiced 1n combination with techniques described 1n one or
more of the references cited 1n the list above, as well as 1n the
remainder of the specification, all of which are incorporated
herein by reference.

The apparatus and methods described hereinbelow with
reference to FIGS. 12-17B are based on the description in

co-pending U.S. Ser. No. 13/148,461 (US 2012/0041514),
entitled, “Retinal prosthesis,” and in U.S. Ser. No. 12/368,150
(US 2010/0204754 which 1ssued as U.S. Pat. No. 8,150,526),
entitled, “Retinal prosthesis,” which are incorporated herein
by reference. The scope of the present invention includes
utilizing the apparatus and methods of FIGS. 1-11B with the
apparatus and methods of FIGS. 12-17B.

FIG. 12 1s a schematic illustration of apparatus 3021 for
restoring at least partial vision 1n a subject suflering from
retinal malfunction, 1n accordance with some applications of
the present invention. Apparatus 3021 comprises an external
device 3020 comprising a mount 3022, which 1s typically a
pair of eyeglasses, and 1s placed 1n front of a subject’s eye
3028. External device 3020 further comprises a power source,
for example a laser 3024, which 1s coupled to the mount and
1s configured to emit radiated energy 3026, which is outside
the visible range, that 1s directed toward the subject’s eye
3028. Laser 3024 1s shown coupled to the inner part of lens
3025 by way of illustration and not limitation. Laser 3024
may be coupled to other members of mount 3022 for
example, to the arm of the eyeglasses.

Apparatus 3021 additionally comprises an intraocular
device 3030, which 1s implanted entirely 1mm eye 3028.
Intraocular device 3030 comprises a small e.g., 3-6 mm 1n
diameter, thin e.g., less than 1 mm thick, and typically flexible
s1licon array.

Retinal implants are generally configured to be implanted
in either a sub-retinal or an epi-retinal position. Epi-retinal
arrays are typically implanted onto the retinal surface that
separates the retinal neural layer from the vitreous body of the
eye’s posterior chamber. Epi-retinal implants are typically
described as having no light sensitive areas and therefore
receive electrical signals from a distant camera and process-
ing unit outside of the subject’s body. These described epi-
retinal implants are coupled to the ganglion cells and their
axons, and therefore directly simulate the ganglia (Zrenner
2002). In contrast, sub-retinal implants are typically
implanted under the retina between the pigment epithelial
layer and the outer layer of the retina which contains the
photoreceptor cells. Sub-retinal implants typically stimulate
the remaining neural cells of the retina (Zrenner 2002).

Intraocular device 3030, 1n accordance with some applica-
tions of the present invention, 1s configured to be implanted in
either the epi-retinal or the sub-retinal space of eye. In both
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locations, intraocular device 3030 receives visible light ema-
nating from objects. The visible light strikes photosensors of
the itraocular device, which generate a signal via interme-
diate circuitry causing electrodes on the intraocular device to
stimulate retinal sensory neurons (for example the bipolar
cells), resulting 1n the sensation of an 1mage. Stimulation of
the bipolar cells activates and utilizes the intact optics and
processing mechanisms of the eye.

In some applications of the present invention, intraocular
device 3030 comprises needle electrodes with exposed tips
configured to extend through the ganglion cells to directly
contact and stimulate the bipolar cell layer, which 1n turn
stimulates the ganglion cells, when itraocular device 3030 1s
implanted 1n an epi-retinal position. The ganglion cells,
whose axons form the optic nerve, further transmait the visual
information to the brain. Apparatus 3021 does not comprise a
camera, and mtraocular device does not recerve 1mage data,
but rather utilizes the intact optics and processing mecha-
nisms of eye.

In some applications of the present invention, intraocular
device 3030 1s implanted in the subject’s eye 1n a sub-retinal
position. As described hereinabove, intraocular device 3030
receives visible light emanating from objects. The visible
light strikes the photosensors of the intraocular device, which
generates a signal to drive electrodes 3038 of the intraocular
device. In applications 1n which intraocular device 3030 is
implanted 1n the sub-retinal space, the electrodes of intraocu-
lar device 3030 are positioned 1n a suitable orientation allow-
ing the electrodes to directly contact and stimulate the bipolar
cells of the retina, which 1n turn stimulate the ganglion cells,
resulting 1n 1mage resolution. Siumilar to the implantation of
intraocular device 3030 in the epi-retinal position, implanta-
tion 1n the sub-retinal position also utilizes the ntact optics
and processing mechanisms of eye 3028.

FIG. 13 1s a schematic illustration of intraocular device
3030, 1n accordance with some applications of the invention.
Intraocular device 3030 comprises an array, each unit of the
array comprising an energy receiver 3032 which receives
radiated energy 3026 from laser 3024 of external device 3020
(FIG. 12). Energy recerver 3032 generates a power signal to
power other components of intraocular device 3030. Alterna-
tively, a single energy receiver 3032 (or a small number of
receivers 3032) 1s configured to receive radiated energy 3026
from laser 3024, to power the components of the entire
intraocular device 3030. Each unit of the mtraocular device
3030 further comprises a photosensor 3034, a stimulating
clectrode 3038, and driving circuitry 3036. A signal generated
by photosensor 3034 1s passed to driving circuitry 3036,
which utilizes energy from the energy recerver 3032 to drive
clectrode 3038 to stimulate the retina. Alternatively, some or
all of electrodes 3038 are driven by driving circuitry 3036 1n
a single area of 1ntraocular device 3030 (rather than by dis-
crete driving circuitry physically located next to each elec-
trode). Accordingly, for some applications, intraocular device
3030 may comprise a plurality of driving circuitries, e.g.,
10-3000 driving circuitries, each driving circuitry being con-
figured to drive a respective subset of electrodes.

It 1s noted that FIG. 13 shows intraocular device 3030
configured for epi-retinal implantation. In another applica-
tion, electrodes 3038 extend from intraocular device 3030 1n
the direction of the pupil, and traocular device 3030 1s
implanted sub-retinally (configuration not shown).

Reference 1s now made to FIGS. 12 and 13. External device
3020 further comprises ophthalmoscope functionality,
including a partially-transparent (e.g., half-silvered) mirror
3023 coupled to a lens 3025 of mount 3022. The partial

transparency of mirror 3023 allows energy from laser 3024 to
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reach energy receiver 3032 without the physical apparatus of
laser 3024 occluding vision. Additionally, light from the envi-
ronment which forms 1mages on the array of photosensors
3034 1s able to pass through partially-transparent mirror
3023. The use of ophthalmoscope functionality as described
turther allows the use of a large diameter laser beam (e.g.,
5-20 mm, such as 5-10 mm), which provide high total radi-
ated energy 3026, while minimizing the density of the beam
at the retina. If such a laser beam originated from a laser
mounted on lens 3025 1tself, it would interfere with vision by
blocking incoming light from the environment.

FIG. 14 1s a block diagram of apparatus 3021, in accor-
dance with some applications of the present invention. Exter-
nal device 3020 (FIG. 12) comprises laser 3024, which emits
radiated energy 3026 to power components of intraocular
device 3030. Radiated energy 3026 transmitted to the
intraocular device 3030 1s recerved by energy recerver 3032.
Energy receiver 3032 typically comprises a voltage regulator
3029 configured to maintain a constant voltage level to power
the components of intraocular device 3030. Intraocular
device 3030 further comprises photosensors 3034 configured
to detect photons 3033 and generate a photosensor signal
responsively to the photons 3033. The photosensor signal 1s
transmitted to driving circuitry 3036, which drives the elec-
trode 3038 to apply currents to retinal cells 3040.

FIG. 15 1s a schematic illustration of intraocular device
3030, 1n accordance with some applications of the present
invention. Intraocular device 3030 comprises a generally
small array 3042, e.g., 3-6 mm 1n diameter, and 1 mm thick.
The array 1s surrounded by an additional toroidal array 3046
that 1s physically associated with the rod cells area of the
retina 3040, providing some degree of scotopic vision and/or
wider-field vision. Arrays 3042 and 3046, which generally

function 1n a similar manner, are coupled by a multi-wire
clement 3049.

FIG. 16 1s a schematic illustration of an energy receiver-
photosensor unit 3050, 1n accordance with some applications
of the present invention. Each energy recerver 3032 has a hole
3056 passing therethrough, through which light passes to
strike a corresponding photosensor 3034 located under the
hole 3056. The energy-recetving portion of each energy
receiver 3032 1s typically 50-250 um across (e.g., 75-150 um
across ), and the diameter of each hole 1s typically 10-120 um,
e.g., 20-60 um. The energy-receiving area of each energy
receiver 1s typically about 3-10 times greater than the area of
cach hole.

Photosensor 3034 typically comprises a filter 3054 allow-
ing transmission of visible light, and blocking transmission of
light emitted by laser 3024. As appropnate, filter 3054 may
allow substantially only visible light, or visible light and
some non-visible light (e.g., near infrared) to strike the pho-
tosensor. Energy receirver 3032 1s typically optimized to trans-
duce light of the wavelength of laser 3024 into electricity,
although i1t may alternatively be sensitive to a wider range of
wavelengths, such as to both visible and non-visible light.

For some applications, energy receiver-photosensor unit
3050 comprises a microlense 3052, which facilitates retrac-
tion of light toward photosensor 3034 that would otherwise
strike energy recerver 3032. Accordingly, microlense 3052
comprises prism Ifunctionality, allowing for differential
refraction of visible light and non-visible (power transmit-
ting) light, such that the non-visible light lands on the energy
receiver to power intraocular device 3030, while the visible
light 1s refracted toward photosensors 3034 which generate a
signal 1n response to visible light photons. This provides
some “averaging” of the light striking each photosensor, by
combining that light with light that would otherwise strike the
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implant near the photosensor, thus mitigating the sensation of
spaced 1individual pixels of light that may be sensed by a user
with a retinal prosthesis. Using this technique, a slightly
blurred 1image 1s intentionally formed, 1n which the extent of
stimulation applied by a given electrode to the retina repre-
sents not only the light striking the very-small area of the
corresponding photosensor, but also light that strikes the sur-
rounding area under the microlense. (It 1s to be understood
that in some embodiments, such a microlense 1s not pro-
vided.)

Reference 1s made to FIG. 17A, which 1s a schematic
illustration of intraocular device 3030, in accordance with
some applications of the invention. In some embodiments of
the present invention intraocular device 3030 1s assembled as
a triple-layered device, comprising an energy receiving 3032
top layer, a photosensor middle layer 3090 and a driving
circuitry layer 3096, coupled to electrodes 3038. Energy
receiving 3032 layer 1s configured to receive radiated laser
energy, in order to power intraocular device 3030. Addition-
ally, energy receiving 3032 layer 1s shaped to define a plural-
ity of holes 3056 passing therethrough, through which light
passes to strike photosensor layer 3090 located under the
holes 3056. The middle layer of intraocular device 3030
comprises individual photosensor units 3034. Each photosen-
sor unit typically comprises a filter 3054 allowing transmis-
s1on of visible light, and blocking transmission of light emit-
ted by the laser. Visible light striking photosensor units 3034
generates a current which 1s processed 1n the bottom, driving
circuitry layer 3096, of intraocular device 3030. Driving cir-
cuitry layer 3096 1s coupled to electrodes 3038 that stimulate
the retinal cells to generate an 1mage and restore vision.

It 1s noted that FIG. 17A shows intraocular device 3030
configured for epi-retinal implantation. In another applica-
tion, electrodes 3038 extend from the energy recerving 3032
layer, and intraocular device 3030 1s implanted sub-retinally
(configuration not shown).

Reference 1s made to FIG. 17B, which i1s a schematic
illustration of intraocular device 3030, in accordance with
another application of the invention. In this application, the
top layer of intraocular device 3030 comprises both energy
receivers 3032 and photosensors 3034. For example, the top
layer of intraocular device 3030 may comprise an array
divided into sub-arrays. Each sub-array 1s further divided into
(for example) nine units each. The central unit of each sub-
array comprises a photosensor 3034, typically comprising a
filter 3054 which passes visible light. The surrounding units
in each sub-array are energy receiving units 3032, receiving
radiated laser energy to power intraocular device 3030. As
approprate, electrodes 3038 may be coupled to the top layer,
for sub-retinal implantation, or to the bottom layer, for epi-
retinal implantation.

Typically, apparatus 3021 activates and utilizes the intact
optic mechanisms, natural movements, and focusing of eye
3028. Furthermore, intraocular device 3030 1s typically a
small and flexible device e.g., 3-6 mm 1n diameter, and less
than 1 mm thick, implanted in a either an epi-retinal or a
sub-retinal position, and powered by an external power
source e€.g., a laser. Therefore, intraocular device 3030 1s
wireless, does not comprise bulky components, and does not
require power-consuming internal microcontrollers. Addi-
tionally, energy receiver 3032, receiving radiated energy
3026, for example laser energy, 1s typically fine-tuned to
match a specific laser wavelength (for example an IR wave-
length such as 790-850 nm, or a suitable UV wavelength).
Theretfore, a substantial portion of radiated energy 3026 is
utilized to power electrodes 3038, allowing for an increased
number of electrodes 3038 and thereby resulting 1n enhanced
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image resolution. For example, 1f a total of 35 mW of laser
energy reaches intraocular device 3030, this provides an esti-
mated 14 mW of usable electricity (assuming an approximate
40% etliciency rate).

For some applications electrodes 3038 are bipolar or alter-
natively monopolar nanotube electrodes coated with carbon
nanotubes.

The number of electrodes per array typically ranges
between 100-10,000 electrodes. In some applications, a rela-
tively smaller number of electrodes (e.g., 100-1,000) are in
generally continuous use, while a higher number of elec-
trodes (e.g., 1,000-10,000), which are not continuously acti-
vated, can enable the subject to temporarily increase resolu-
tion at the cost of heating of the eye for several seconds.
Additionally or alternatively, intraocular device 3030 com-
prises interleaved arrays of electrodes 3038a and 30385,
which are activated separately, thus stimulating adjacent reti-
nal sites and generating the illusion of higher-resolution of an
actual image.

In some applications of the present invention, intraocular
device 3030 comprises support elements extending away
from the retina. Support elements are typically composed of
biocompatible materials (for example, Ptlr), possibly insu-
lated with an additional biocompatible material. The support
clements aid in anchoring implanted 1ntraocular device 3030
to the subject’s eve 3028. Additionally or alternatively, the
support elements contribute to enhanced dissipation of heat,
preventing local overheating of eye 3028. The total volume of
support elements 1s typically similar to the volume of
intraocular device 3030 (for example, 25 mm3), allowing for
cificient heat dissipation.

In some applications of the present invention, external
device 3020 comprises a sensor coupled to mount 3022.
Apparatus 3021 1s configured to detect blinking, and to not
transmit power to intraocular device 3030 when the subject’s
eyelid 1s closed. The sensor 1s configured to detect the rapid
closing and opening of the eyelid of the subject, and to signal
to laser 3024 to cease emitting radiation 3026 to the eye when
the eyelid of the subject 1s closed. For some applications, the
sensor comprises an electromyography (EMG) sensor or a
camera with 1mage processing functionality to determine
when the eye 1s closed. For some applications, the sensor
comprises a light sensor coupled to a light emitting diode
(LED), which 1s located adjacent to laser 3024. The LED
emits light which passes through partially-transparent mirror
3023 and i1s directed towards the subject’s eye 3028. The
amount (or another parameter) of reflected LED light from
the eye changes as a result of the subject’s blinking. These
changes in the amount of the retlected light are detected by the
light sensor, which causes laser 3024 to discontinue emitting
radiation 3026 to eye 3028 when the eyelid of the subject 1s
closed. Alternatively, for some applications, mount 3022
comprises a light sensor located in proximaity to laser 3024.
The light sensor detects reflected laser light, and laser 3024
discontinues emitting radiation 3026 to the eye when the
eyelid of the subject 1s closed.

In some embodiments of the present invention, apparatus
3021 1s configured to provide the subject with audio feedback
advising the subject to aim eye 3028 so that radiation from
laser 3024 reaches 1ntraocular device 3030. Accordingly, for
some applications, external device 3020 comprises a light
sensor coupled to laser 3024, configured to detect the amount
of reflected laser light and to trigger an audio signal to the
subject based on changes 1n the reflected light indicative of
the laser light not being directed toward intraocular device
3030. For example, a different portion of the laser light 1s
absorbed by intraocular device 3030 when laser 3024 1s prop-
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erly aimed, compared to when the laser beam 1s diverted and
not directed at eye 3028. In this latter case, the audio feedback
signal 1s triggered.

For some applications, in addition to supplying power to
device 3030, radiation 3026 emitted by laser 3024 1s used to
regulate operation of intraocular device 3030. In some appli-
cations of the present invention, external device 3020 com-
prises a control element (e.g., a dial, switch, or button)
coupled to mount 3022, allowing the subject to interactively
control the mtensity of the signal applied to the retina and/or
the sensitivity of photosensors 3034 to received light, and/or
another system parameter. For example, 11 the subject deter-
mines that the overall stimulation being applied by 1ntraocu-
lar device 3030 to the retina 1s too strong, then he can adjust
a setting on the control element to reduce the stimulation
strength. Similarly, if he determines that the sensitivity of
photosensors 3034 1s too high (e.g., resulting 1n the entire
array ol electrodes activating the retina), then he can adjust
another setting on the control element to reduce the sensitiv-
ity. In response to the subject’s input, control element 3027
modulates radiation 3026 emitted by laser 3024 to regulate
operating parameters of intraocular device 3030. An example
of a suitable modulation protocol includes a first train of six
short pulses from laser 3024, indicating that stimulation
intensity 1s going to be changed, followed by a train of
between one and ten longer pulses indicating a subject-se-
lected desired level of stimulation intensity. To change sensi-
tivity, a first train of six long pulses 1s emitted from laser 3024,
followed by a train of between one and ten longer pulses
indicating a subject-selected desired level of sensitivity. A
person ol ordinary skill in the art will appreciate that other
encoding protocols may be used, as well.

Alternatively, for some applications, regulation of the
intensity of the signal applied to the retina and/or the sensi-
tivity of photosensors 3034 to recerved light, and/or another
system parameter, 1s regulated by intraocular device 3030.
The degree of retinal stimulation applied by each unit of
intraocular device 3030 1s dictated by the light received by
that unit. Intraocular device 3030 1s configured to sense the
amount of ambient light which 1s recerved by photosensors
3034, and 1n response, to alter the signal which 1s applied to
the retina. For example, based on the amount of ambient light
which lands on a given photosensor, intraocular device 3030
1s configured to modulate the signal by adjusting photosensor
output and/or driving circuitry parameters such as gain and/or
DC offset, allowing for increased sensitivity of apparatus
3021. Modulation of the signal applied to the retina 1s typi-
cally controlled by varying pulse parameters, e.g., of number
of pulses, pulse repetition intervals, pulse frequency, and
pulse duration. That 1s, electrodes 3038 drive currents into the
retinal neurons using pulse parameters selected in response to
the amount of light recerved by the photosensor. Such modu-
lation of photosensor pulse signals to the driving circuitry
facilitates regulation of intraocular device 3030, for example,
in response to changing levels of ambient light.

Similarly, the threshold for transmission of a photosensor
signal to the driving circuitry 1.e., the sensitivity of photosen-
sors 3034, 1s regulated by the amount of ambient light reach-
ing the photosensors. For some applications, the amount of
ambient light that lands on the array of photosensors 3034 1s
used to govern the duration of a sensing period of each pho-
tosensor, 1.¢., the amount of time in which the photosensor
receives photons before the driving circuitry drives electrodes
3038 to drive currents into retinal tissue (e.g., 10 ms-100 ms).
Thus, for example, the sensitivity of each photosensor may be
increased over the course of several seconds, 11 the subject
enters a dark room.



US 9,198,753 B2

35

Typically, regulation of system parameters of intraocular
device 3030, by laser and/or by device 3030 1tself, 1s achieved
by varying selected pulse parameters, ¢.g., the number of
pulses, pulse repetition intervals, pulse frequency, and/or
pulse duration.

As described hereinabove, 1 addition to powering
intraocular device 3030, 1n some applications, radiation 3026
emitted by laser 3024 1s additionally used to regulate operat-
ing parameters ol intraocular device 3030. Laser 3024 is
typically configured to emit energy 3026 that 1s outside the
visible range and 1s directed toward the subject’s eye 3028.
For example, the radiation may be infrared (IR ) radiation. For
such applications, lens 3025 of eyeglasses 3022 may com-
prise an optical filter, e.g., a Schott filter. The filter 1s config-
ured to filter IR radiation, thereby reducing the amount of
ambient IR radiation that reaches photosensors 3034 and may
interfere with the IR radiation emitted by laser 3024. Radiated
energy 3026 1s generally not affected by the filter placed on
lens 3025, as laser 3024 1s typically coupled to the inner part
of lens 3025 as shown 1n FIG. 12.

In some applications of the present invention, activation of
apparatus 3021 1s regulated by a threshold to prevent satura-
tion (1.e., over-stimulation of the retina by intraocular device
3030).

It 1s to be noted that a plurality of intraocular devices 3030
may be implanted 1n discrete locations in tissue of the retina,
either arranged 1n an array, or, for example, pseudo-randomly.
Typically, intraocular device 3030 1s wireless and does not
comprise bulky components, facilitating implantation of sev-
eral intraocular devices 3030 1n the retina of a subject.

For some applications, techniques described herein are
practiced 1n combination with techniques described 1n one or
more of the following references, which are incorporated

herein by reference:
.S. Pat. No. 4,628,933 to Michelson

. 5,597,381 to Rizzo

. 5,935,155 to Humayun et al.

. 6,298,270 to Nisch

. 6,324,429 to Shire et al.

. 6,368,349 to Wyatt et al.

. 6,507,758 to Greenberg et al.

. 6,976,998 to Rizzo et al.

. Pat. No. 7,047,080 to Palanker et al.

S Patent Application Publication 2006/0282128 to Tai et
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al.

US patent Application Publication US 2007/0191909 to
Ameri et al.

It will be appreciated by persons skilled in the art that the
present mnvention 1s not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcombi-
nations of the various features described hereinabove, as well
as variations and modifications thereof that are not in the prior
art, which would occur to persons skilled in the art upon
reading the foregoing description.

The mvention claimed 1s:
1. Apparatus comprising;
an extraocular device comprising;:
eyeglasses, configured to be placed 1n front of an eye of
a subject; and
a power source coupled to the eyeglasses and configured
to emit a beam of light that 1s outside of 380-750 nm,
the power source being arranged with respect to the
eyeglasses such that reflection of the beam of light
causes a diverging beam of the light to leave the
apparatus and diverge as 1t enters the eye; and
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an mtraocular device configured to be implanted entirely 1n

the subject’s eye 1n an epi-retinal position, comprising:

an energy receiver, configured to receive the beam of
light from the power source and to generate a voltage
drop 1n response thereto;

a plurality of stimulating electrodes;

a plurality of photosensors, each photosensor configured
to detect photons and to generate a signal 1n response
thereto; and

driving circuitry, coupled to the energy recerver and to
the photosensors, and configured to receive the sig-
nals from the photosensors and to utilize the voltage
drop to drive the electrodes to apply currents to a
retina of the eye in response to the signals from the
photosensors.

2. The apparatus according to claim 1, further comprising,
a mirror coupled to the eyeglasses, and configured to retlect
the beam of light to cause a diverging beam of the light to
enter the eye.

3. The apparatus according to claim 2, wherein the mirror
comprises a partially-transparent mirror.

4. The apparatus according to claim 3, wherein the par-
tially-transparent mirror 1s configured to allow ambient light
to pass through to the eye.

5. The apparatus according to claim 2, wherein the mirror
comprises a dichroic mirror.

6. The apparatus according to claim 2, wherein the eye-
glasses comprise an eyeglass lens, and wherein the mirror 1s
coupled to the eyeglass lens of the eyeglasses.

7. The apparatus according to claim 2, wherein the eye-
glasses comprise an eyeglass lens, and wherein the mirror 1s
configured to be disposed between the eyeglass lens and the
cye of the subject when the subject 1s wearing the eyeglasses.

8. The apparatus according to claim 1, wherein the eye-
glasses comprise an arm of the eyeglasses, and wherein the
power source 1s attached to the arm of the eyeglasses.

9. The apparatus according to claim 1, wherein an angle of
divergence of the diverging beam 1s 8 degrees.

10. The apparatus according to claim 1, wherein the
extraocular device further comprises a partially-transparent
mirror coupled to the eyeglasses and wherein the partially-
transparent mirror 1s configured to direct the diverging beam
of light from the power source to the intraocular device.

11. A method for powering a retinal intraocular 1implant,
implanted in an epi-retinal position, the implant including an
energy receiver and a plurality of photosensors configured to
receive an ambient image through a lens of the eye, the
method comprising:

emitting a beam of light, from a power source attached to

eyeglasses, 1 a direction that 1s not toward the retinal

implant;

powering the retinal implant by reflecting the beam as a

diverging beam of light and conveying the diverging

beam of light toward the implant;

recerving the ambient image through the lens of the eye, by

the plurality of photosensors of the implant; and

powering the photosensors with power extracted from the
diverging beam by the energy recerver.

12. The method according to claim 11, wherein reflecting
the beam of light comprises reflecting the beam of light by a

partially-transparent mirror.
13. The method according to claim 12, further comprising;:
recewving, by the retinal implant, the diverging beam of
light reflected by the partially-transparent mirror; and
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receiving, by the retinal implant, ambient light that passes
through the partially-transparent mirror.
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